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Abstract
The FOXO family represents a group of transcription factors that is required for a number of stress
related transcriptional programs including antioxidant response, gluconeogenesis, cell cycle
control, apoptosis and autophagy. The liver utilizes several FOXO-dependent pathways to adapt to
its routine cycles of feeding and fasting and to respond to the stresses induced by disease. FOXO1
is a direct transcriptional regulator of gluconeogenesis, is reciprocally regulated by insulin and has
profound effects on hepatic lipid metabolism. FOXO3 is required for antioxidant responses and
autophagy and is altered in Hepatitis C infection and fatty liver. Emerging evidence suggests
dysregulation of FOXO3 in some hepatocellular carcinomas. FOXOs are notable for the extensive
number of functionally significant post-translational modifications that they undergo. Recent
advances in our understanding how FOXOs are regulated are providing a more detailed picture of
how specific combinations of posttranslational modifications alter both nuclear translocation as
well as transcriptional specificity under different conditions. This review summarizes emerging
knowledge of FOXO function in the liver, FOXO changes in liver disease, and the
posttranslational modifications responsible for these effects.
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1. Introduction
The liver plays a central role in adaptation to stress. It is anatomically situated as the buffer
between the gut and the systemic circulation and is required to buffer large transient fluxes
of nutrients, exogenous toxins and gut-derived bacterial products. It must optimally utilize
or dispose of these products originating from the portal circulation without disturbing the
much more stable environment of the systemic circulation. For this reason the liver engages
a number of stress response pathways that regulate metabolism, immune response, organic
ion transport and cell proliferation. The ability to engage these stress response pathways
allows the liver to respond to the changing input environment.

FOXO transcription factors are part of one important stress response pathway that is
responsible for many of these regulatory events. They are necessary for plasticity of the
organ, adaptation to fasting, response to stress, and regulation of cell proliferation. This
article will review the role of the FOXO family of transcription factors in the hepatic
homeostatic response and discuss how regulation of this pathway is altered in liver disease.
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2. FOXO Transcription Factors
The O branch of the large forkhead family of transcription factors1 is ubiquitously expressed
and highly conserved evolutionarily2. The prototype of the FOXO family was first described
in C. elegans as daf16, a factor that is required for formation of a long-lived dormant form of
the organism called the dauer larval stage. Subsequently, FOXO factors were shown to play
a similar role in higher organisms and function to prevent cellular proliferation, induce
antioxidant and stress response genes, and modify insulin sensitivity2, 3. In mammals there
are 4 FOXO proteins, FOXO1, FOXO3a (sometimes called just FOXO3), FOXO4 and
FOXO6. While FOXO6 is largely specific to neurons, the other 3 factors are widely
distributed and are present in most tissues. There appears to be considerable overlap in the
transcriptional targets of the three, but the consequences of knock outs in mice are very
different with FOXO1 knock out being embryonically lethal due to failure of angiogenesis,
FOXO3 knock out producing premature ovarian failure, and FOXO4 knock out having no
obvious phenotype4. There is also evidence that each of these can compensate to some
degree for loss of the others as triple conditional knockouts resulted in lymphomas,
hemagiomas and angiosarcomas which did not occur with double knock out combinations4.
Some specificity though clearly occurs as FOXO1 plays the major role of regulation of
insulin sensitivity (see below) and FOXO3, an important longevity factor in invertebrates,
mice and humans5-9, is more prominently associated with the antioxidant stress response
and tumor suppressor activity1, 4-6, 10-12. FOXO transcriptional activity is regulated by a
complex array of posttranslational modifications (PTMs). In many circumstances, the
primary regulatory event is Akt mediated phosphorylation of three conserved amino acids, 2
serines and 1 threonine, that results in binding to 14-3-3 and nuclear export of the protein.

A conceptual theme that has emerged from the study of multiple FOXOs is that they are a
major part of the mechanism that allows cells to transition between a fed/unstressed state
where cell proliferation is favored and a fasting/stressed state which initially favors cell
cycle arrest, DNA repair and antioxidant enzyme induction, but can proceed toward
apoptosis and cell death (see Fig. 1). The precise program initiated, the particular FOXO
proteins that predominate, and the nature of the PTMs that control the response varies
between cell types and the particular stress circumstances that initiate the response.

3. FOXO in normal liver function
Glucose metabolism

FOXO1 plays a major role in regulating the insulin response and the liver is one of its
critical sites of action. The liver adapts to feeding through several insulin mediated events
including increasing glucose uptake into hepatocytes, suppressing gluconeogenesis and
glycogenolysis, and upregulating glycogen synthesis. In fasting, the withdrawal of insulin
stimulation results in gluconeogensis through an upregulation of PEPCK and G-6-Pase, and
induction of autophagy. This response is largely dependent on the interplay between Akt and
FOXO1.

The role of FOXO1 in the adaptation to fasting has been largely documented by animal
studies of overexpression and heterozygous null expression leading to increased or
decreased FOXO1 expression. When FOXO1 is constitutively expressed in the liver, fasting
blood glucose rises 13. Conversely, liver specific FOXO1 knock-out mice develop fasting
hypoglycemia14. The mechanism behind these phenomena appears to be relatively
straightforward. FOXO1 is active in the fasted state where it is dephosphorylated at the Akt
sites, and localized in the nucleus. This results in the transcriptional induction of two
gluconeogenic enzymes, G6Pc (Glucose-6-phosphatase catalytic subunit) and PEPCK
(phosphoenolpyruvate carboxykinase)15 and increased hepatic glucose production. In the fed
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state, insulin signaling activates PI3kinase and the subsequent production of PIP3 activates
Akt. Akt phosphorylates FoxO1 at Thr24, Ser253 and Ser316 leading to its nuclear
exportation and inactivation16 with subsequent suppression of gluconeogenesis.

The importance of FOXO1 as a counter of Akt in the glycogen synthesis-gluconeogensis
balance has been recently demonstrated using liver specific knock-out mice for both Akt and
FOXO116. Hepatic deletion of Akt resulted in a constitutive hyperglycemia that was
completely corrected by concomitant hepatic deletion of FOXO1. In the absence of both Akt
and FOXO1 the mice were able to maintain glucose homeostasis through fasting and
feeding. This demonstrates that FOXO1 is intrinsically glucogenic and in its absence,
glucose homeostasis can be maintained without Akt activation. The primary function of
insulin-induced Akt activation is to counteract FOXO1 and thus reduce glucose production
during the fed state. This study also demonstrated that FOXO1 does not inhibit the insulin
mediated upregulation of anabolic processes such as glycogen and lipid synthesis16.

The activity of FOXO1 as a regulator of blood glucose is also modulated by processes other
than Akt phosphorylation. The balance between acetylation and deacetylation is a second
order of regulation. Deacetylation by Sirt1under conditions of cellular stress, such as that
induced by oxygen free-radicals activates transcription, overriding the nuclear exclusion
effect of Akt and causing nuclear translocation/retention and expression of FOXO1 target
genes including those involved in gluconeogenesis17. Other deacetylases contribute to
FOXO1 activation as well. Class IIa HDACs have been shown to be positive regulators of
hepatic FOXO1 in response to glucagon signaling during fasting. They are phosphorylated
by AMPK and translocated to the nucleus where they deacetylate and activate FOXOs,
inducing transcription of gluconeogenic genes18.

Several other more novel mechanisms have also been observed to play a role in FOXO1
regulation and hepatic glucose metabolism. XBP-1, a transcription factor involved in the
unfolded protein response that induces expression of genes involved in ER membrane
folding, has been shown to increase insulin sensitivity. This activity is independent of its
transcriptional effects but can be accounted for by its direct binding to FOXO1, acting as a
chaperone to direct it to proteosomal degradation 19. Another mechanism that appears to
play a specific role in regulation of the glucuneogensis function of FOXO1 is O-GlcNAc
modification 20, 21. This glylcosylation event activates transcriptional activity of FOXOs
independently of nuclear translocation and results in upregulation of G6Pase and other
gluconeogenic genes. Paradoxically, it is induced by hyperglycemia and appears to result
from PGC-1α binding to O-GlcNAc transferase and targeting it to nuclear FOXO122.

Lipid metabolism
The second area of liver metabolic function regulated by FOXO is lipid metabolism.
FOXO1 has an important role in the insulin-dependent regulation of hepatic VLDL
production and persistence of VLDL in the circulation. This is achieved largely via
transcriptional regulation of two important proteins, ApoC-III and microsomal triglyceride
transfer protein (MTP) 23 and these play a major role in the regulation of circulating
triglycerides during fasting. As discussed, in the absence of insulin, Akt activity is
suppressed and FOXO1 is transcriptionally active. This effect results in an increase in MTP,
the rate-limiting enzyme in hepatic VLDL production, increasing VLDL secretion. In
addition, FOXO1 also results in increased transcriptional activity and hepatic secretion of
ApoC-III. In the circulation, this apolipoprotein inhibits the activity of lipoprotein lipase,
responsible for hydrolysis and uptake of the triglyceride component of VLDL and
chylomicrons, thus prolonging the persistence of VLDL24. In response to feeding, FOXO1
is inactivated, shutting down both these mechanisms and preventing post-prandial
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hyperglycemia. In states of insulin resistance, this suppression of FOXO1 activity may fail
to occur resulting in both hyperglycemia and hypertriglyceridemia. 25

Additional factors appear to be involved in the lipid effects of FOXO1 as well. Early
attempts to understand the effects of FOXO on hepatic lipid metabolism involved expression
of various mutated forms of FOXO1 that were felt to represent constitutively active forms of
the protein. These studies seemed to imply both positive and negative effects of FOXO on
lipid production and accumulation. One model for expression of constitutively active
FOXO1 using a single S-253 mutated phosphorylation site led to increased hepatic
triglyceride levels but lower levels in the circulation26. Another model for expression of
constitutively active FOXO1 using alanine substitution at all three Akt phosphorylation sites
had normal hepatic triglyceride levels15 but showed that increased FOXO1 activity led to
suppression of a number of proteins required for lipid synthesis including SREBP-1c, acetyl-
CoA carboxylase-α (ACC), and fatty acid synthase (FAS)15. These data are difficult to
interpret unambiguously because the mutated forms of FOXO may behave differently in
unanticipated ways.

Perhaps the best systems in which to study the net effects of FOXO proteins on hepatic and
serum lipid homeostasis is in liver specific multiple FOXO knockouts. Zhang et al27 showed
that ablation of FOXO1 caused a decrease in plasma glucose without a significant effect on
lipid metabolism, but simultaneous knock out of FOXO1 and FOXO3 caused hepatic
steatosis, increased hepatic lipid secretion and increased serum triglycerides27. While the
precise mechanism for these effects could not be determined, these authors showed a
negative transcriptional effect of FOXO3 and particularly the FOXO1/FOXO3 combination
on two important genes of lipid synthesis, fatty acid synthase and HMG CoA reductase. A
similar phenomenon was also observed by Tao et al28 who produced a hepatic-specific
knockout of the combination of FoxO1, FoxO3 and FoxO4 in mice. This also resulted in
lipid accumulation in the liver and an increase in expression of fatty acid synthase28. The
mechanism of the lipid accumulation in this latter model, however, appeared to be primarily
a result of the decrease in the FOXO-dependent expression of the enzyme nicotinamide
phosphoribosyltransferase (Nampt) which is the rate limiting enzyme in the salvage pathway
for NAD+. The FOXO triple knock out resulted in decreased levels of Nampt, a decrease in
NAD+ levels and NAD+/NADH ratio, and a subsequent inhibition of NAD+-dependent
deacetylases, particularly Sirt1. Direct manipulation of Nampt expression, both positive and
negative, confirmed the centrality of this enzyme to regulation of lipid synthesis. The
ultimate lipid accumulation could be secondary to SIRT inhibition resulting in increased
acetylation of several proteins involved in in lipid synthesis and fatty acid oxidation such as
SREBP-1b and PGC-1α 28. Together these results clearly show a lipid modulatory effect of
FOXOs. FOXO1 activity by itself promotes hypertriglyceridemia, and FOXO3, in synergy
with FOXO1, is able to suppress hepatic lipid accumulation by an indirect process.

Autophagy and adaptation to starvation
Based on the above discussion, it is clear that FOXOs are critical for adaptation of the liver
to low nutrient states. They are activated by AMPK, increase glucose production, and
prevent lipid accumulation seen in insulin resistant states. Another well described
mechanism by which FOXOs promote adaptation to starvation is their promotion of
autophagy29. There are likely several mechanisms by which FOXOs promote autophagy.
Several of the proteins that make up critical parts of the autophagy machinery, including
Beclin-1 and Atg8 are direct FOXO transcriptional targets. Recently van der Vos and
colleagues30 demonstrated that FOXOs, in particular FOXO3, plays another, more indirect
role in autophagy through influencing amino acid metabolism. They determined that
glutamine synthase is a target gene of FOXO3 and as a consequence, cellular glutamine
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levels increase when FOXO3 is active. The increased glutamine inhibits mTORC1 signaling
activity, decreasing its negative regulation on autophagy.

In addition to the role of FOXO proteins in autophagy via induction of gene expression, and
modulation of glutamine levels, cytosolic FOXO1 has been shown to have a
transcriptionally-independent role in autophagy as well. When subjected to stress such as
nutrient deprivation, cytosolic FOXO1 dissociates from SIRT2 which leads to its
acetylation. Acetylated FOXO1 was then shown to directly interact with Atg7, a key
regulator of the formation of the autophagosome31. Overall, these multiple mechanisms
show that FOXOs stimulate autophagy and promote adaptation to starvation and fasting.
Autophagy stimulation also promotes lipid degredation32 and is thus another mechanism by
which active FOXO prevents hepatic steatosis.

4. FOXO and liver disease
In spite of the well documented importance of FOXOs to liver function and the stress
response, there is relatively little is known about FOXOs in liver disease. The most data is
available for HCV infection where FOXO1 activity appears to be directly increased by the
virus and this contributes to HCV-induced insulin resistance33, 34. The mechanisms of these
effects are not entirely clear. Banerjee et al33 observed that HCV-induced FOXO1 activation
resulted from an HCV core protein dependent process that suppressed the ability of Akt to
phosphorylate FOXO133. Similar results were obtained by Deng et al34 although they
showed that the HCV simulation of FOXO1 was dependent upon NS5a-induced ROS
production and subsequent JNK activation.

A second FOXO-dependent HCV effect has been observed with FOXO3. FOXO3 has been
observed to play a role in regulating the innate immune signaling pathway, directly
suppressing TLR signaling35. It also is a transcriptional activator of SOCS3, an inhibitor of
interferon-mediated signaling and it is itself inactivated by IKK-ε, one of the upstream
activators of interferon production. FOXO3 activity was increased by starvation/
malnutrition in HCV infection and this effect caused an increased expression of SOCS3 and
a consequent suppression of the interferon signaling pathway36. In this case direct viral
FOXO activation contributes to both insulin resistance and infection persistence.

FOXOs have been implicated in several other liver diseases as well, but the evidence
supporting this is limited. Enhancement of FOXO1 expression and nuclear localization was
seen in NASH patients37 and this was felt to be a possible contributor to insulin resistance.
Due to their well-documented function as tumor suppressors, there has also been some
interest in the role of FOXO in hepatocellular carcinoma. Little is known in this regard
although one report observed longer survival in HCC patients with high levels of FOXO3 in
their tumors38.

One final area of FOXO involvement in liver disease is its potential role in fibrosis. FOXOs
are known to be survival factors that are required for the quiescent state of long living cells.
One area in where this has been well documented is in survival of hematopoetic stem
cells39. Adachi et al40 thus examined whether FOXOs play a role in the quiescence of
hepatic stellate cells as the transdifferentiation and proliferation of stellate cells is required
for nearly all forms of hepatic fibrosis. This study observed that the proliferation of stellate
cells in vitro was enhanced by dominant negative forms of FOXO1 and suppressed by
constitutively active forms of the protein. Furthermore, FOXO1(+/−) mice were more
susceptible to fibrosis. This intriguing result suggests a possible role of FOXOs in hepatic
fibrosis.
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5. FOXO regulation in liver by post-translational modifications (PTMs)
The above considerations show the importance of multilevel FOXO regulation for
adaptation of the liver to stresses. A complete understanding of the role of FOXOs in liver
disease requires a more detailed understanding of the many upstream events that affect the
functions of these proteins. Multiple post translational modifications of FOXO have been
described including phosphorylations, acetylation, and ubiquitination5. These PTMs can be
either activating or inactivating. They alter nuclear import and export steps, modify the
DNA binding affinity, and alter the pattern of transcriptional activity for specific target
genes2, 41.

The first layer of regulation of FOXOs is a series of modifications that controls the
translocation between nucleus and cytosol. These FOXO PTMs can be divided into two
groups. The first group promotes nuclear export, polyubiquitination and proteosomal
degradation. These includes phosphorylation by Akt (the main pathway of FOXO
degradation) 9, ERK 42, IKKβ 10 and CDK2 43. Sites for all those modifications have been
described and activation of these kinases normally correlates with loss of nuclear FOXOs.
Deubiquitination by USP7 is also known to cause the nuclear export of FOXO4 44. Similar
mechanisms exist for regulation of other members of FOXO family. The second group of
PTMs that control the nuclear-cytosolic distribution are those that promote nuclear
localization and are associated with an increase in transcriptional activity. These include
phosphorylation by JNK 34, p38 45, 46, AMPK 47, 48, CDK1 49, and MST1 50, as well as
monoubiquitination by unknown enzymes 44, and arginine methylation by PRMT1 51. There
is an interesting interaction within this group. All FOXO proteins contain numerous
phosphorylation ‘SP’ motifs shared by JNK, p38 and ERK. Phosphorylation on these sites
has been detected following oxidative stress and other stimuli. FOXO3, for example,
contains p38 phosphorylation sites on Ser7, Ser12, Ser294, Ser344, and Ser425 that can be
also targeted by JNK (Ser294 and Ser425) and ERK (Ser294, Ser344, and Ser425) 45. While
p38 and JNK are known to promote nuclear localization, ERK modification has an opposite
effect42. One can speculate that these modifications can happen consecutively by different
enzymes and various combinations throughout the FOXO sequence create unique protein
conformations that define its localization. Another mechanism of preventing FOXO nuclear
export is a direct inhibition of AKT phosphorylation by methylation of closely located
arginine residues 51. The balance between these two groups of modifications in the liver
creates an environment that defines the amount of FOXOs in the nucleus. Complete loss of
nuclear FOXO undoubtedly leads to deregulation of above mentioned pathways controlled
by FOXO transcriptional activity.

The second layer of regulation includes a series of modifications that regulate FOXO
transcriptional activity by changing DNA binding and promoter binding specificity. This
group includes acetylation by the redox activated acetyl transferase, p30052-54, deacetylation
by SIRT155-57, SIRT258, 59 and SIRT360, lysine methylation61, 62 and glycosylation20-22.
Lysine methylation at K270 of FOXO3 promotes loss of DNA binding and reduces FOXO-
mediated apoptosis. Deacetylation by SIRT1 has been shown to differentially alter DNA
binding affinity, so that more highly acetylated forms of FOXO3 favor expression of pro-
apoptotic genes, (Bim, TRAIL and FasL), while the more deacetylated forms favor
expression of antioxidant and cytoprotective genes55. SIRT2 also deacetylates FOXOs and
increases their DNA-binding activity58, 59. The binding of CBP/p300 to FOXOs is essential
for transactivation of target genes52-54. However, the acetylation itself attenuates FOXO
transcriptional activity.

Several lysines were reported to be acetylated in FOXOs. Brunet et al found that FOXO3 is
acetylated at K242, K259, K271, K290 and K569 in the presence of stress stimuli55.
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Acetylation at K222, K245, K248, K262, K265, K274, K294 of FOXO1 was also reported
to regulate its DNA binding affinity and sensitivity to AKT phosphorylation63-65.
Acetylation at K242, K245, and K262 of FOXO1 is sufficient to attenuate its transcriptional
activity64. Fukuoka et al reported the importance of K186, K189, and K408 deacetylation by
HDAC in regulating FOXO4 transciptional activity 66. O-glycosylation is another
modification that does not affect the nuclear/cytosolic distribution of FOXOs, but results in
the up-regulation of specific gene expression such as G6Pase21 and other gluconeogenic
genes20. Recent studies show that some of these effects involve the ability of specific PTMs,
such as GlcNAcylation to produce differential binding of FOXOs to cofactors such as
PGC-1α with a subsequent increase in specific transcriptional activities22.

This second layer of modifications gives an idea of how FOXO transcriptional activity can
be regulated. However, the question of how FOXOs decide which transcriptional program is
activated in any given condition is still unclear. Since all FOXO proteins recognize a
conserved consensus motif TTGTTTAC67, 68 present in multiple genes, the promoter
binding patterns may be defined more by differential binding to various cofactors. FOXOs
have been shown to interact with a large number of binding partners resulting in changes in
transcriptional activity of both proteins. The list includes a number of nuclear hormone
receptors, other transcription factors such as β-catenin, RUNX3, SMADs and histone
modifying enzymes such as acetylases and methyltranferases (summarized by 69). In
addition to being binding partners, these modifying enzymes can directly affect the PTMs of
FOXO itself as well as histone modifications providing an additional level of complexity to
the activation of FOXO target genes.

This emerging understanding of the role of FOXO PTMs in cofactor binding can explain the
so-called ‘FOXO code’, .i.e. very specific PTM regulated transcriptional programs2.
PGC-1α and p300 are two examples of close linkages between FOXO PTM status and
transcriptional cofactors interaction. PGC-1α promotes FOXO GlcNacylation.
GlcNacylation in turn directs FOXOs towards gluconeogenic genes through interaction with
additional cofactors or target gene promoter sequences. The interaction can be disrupted by
insulin signaling. This way the balance between two different upstream modifying enzymes
regulates the activity of FOXO in the gluconeogenesis pathway.

The interaction with p300, on the other hand, is necessary for FOXO activity, but the direct
FOXO acetylation that may result can lead to loss of DNA binding and nuclear export. The
amount of active FOXO is constantly replenished by deacetylation enzymes such as the
SIRTs. The presence of multiple acetylation sites (7 lysines in FOXO1) provides the
potential for considerable promoter specificity by this mechanism. This system creates a
dynamic activation of FOXOs, important for quick changes in transcriptional program.

6. Conclusions and future directions
FOXO transcription factors are essential to liver function and liver stress response and their
alteration in disease are only now being recognized. In addition to their critical role in
carbohydrate metabolism, lipid metabolism and oxidative stress response, the FOXOs are
tumor suppressors that promote both cell cycle arrest and apoptosis. Pharmacological
manipulation of FOXOs in the liver thus has potential benefit for metabolic liver disease,
inflammatory liver disease, and prevention of hepatocellular carcinoma.

The existence of a set of PTMs that regulate transcriptional programs of the FOXO factors is
important in that it opens the potential for selective modulation of FOXO function. Studies
on sites that alter FOXOs DNA-binding activity and their interaction with transcription-
regulatory proteins, as well as their stability and subcellular localization may represent a
target for pharmacological manipulation of FOXO activity. The existence of unique
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acetylation sites for different members of the FOXO family potentially can also provide
insight into the non-redundant roles of each of the FOXO proteins in transcriptional
regulation of hepatic target genes.
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Figure 1. FOXO functions.
The FOXO transcription factors serve as a counterpoint to Akt in the control of cell
proliferation and gluconeogenesis. When active, as occurs when Akt activity is suppressed,
FOXOs translocate to the nucleus where they initiate transcriptional programs for cell cycle
arrest, oxidative stress protection, gluconeogenesis and autophagy. A brief list of a small
subset of relevant target genes is listed for each function.
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