1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2021 January 19.

-, HHS Public Access
«

Published in final edited form as:
Curr Opin Nephrol Hypertens. 2020 July ; 29(4): 439-445. doi:10.1097/MNH.0000000000000616.

Molecular regulation and function of FoxO3 in chronic kidney
disease

Fangming Lin
Division of Pediatric Nephrology, Department of Pediatrics, Columbia University Vagelos College
of Physicians and Surgeons, New York, New York, USA

Abstract

Purpose of review—FOXOs are transcription factors that regulate downstream target genes to
counteract to cell stress. Here we review the function and regulation of FOXO transcription
factors, the mechanism of FOXO3 activation in the kidney, and the role of FOXO3 in delaying the
development of chronic kidney disease (CKD).

Recent findings—Progressive renal hypoxia from vascular dropout and metabolic perturbation
is a pathogenic factor for the initiation and development of CKD. Hypoxia and low levels of a.-
ketoglutarate generated from the TCA cycle inhibit prolyl hydroxylase domain (PHD)-mediated
prolyl hydroxylation of FoxO3, thus reducing FoxO3 protein degradation via the ubiquitin
proteasomal pathway, similar to HIF stabilization under hypoxic conditions. FoxO3 accumulation
and nuclear translocation activate two key cellular defense mechanisms, autophagy and
antioxidative response in renal tubular cells, to reduce cell injury and promote cell survival. FoxO3
directly activates the expression of Atg proteins, which replenishes core components of the
autophagic machinery to allow sustained autophagy in the chronically hypoxic kidney. FoxO3
protects mitochondria by stimulating the expression of superoxide dismutase 2 (SOD2), as tubular
deletion of FoxO3 in mice results in reduced SOD2 levels and profound mitochondrial damage.

Summary—Knowledge gained from animal studies may help understand the function of stress

responsive transcription factors that could be targeted to prevent or treat CKD.
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INTRODUCTION

Our incomplete understanding of the pathobiology in the initiation and progression of
chronic kidney disease (CKD) limits the development of effective measures to prevent and
treat CKD. Molecular characterization of mouse kidneys during the course of CKD
development indicates predominant activation of transcription factors, many of which

Correspondence to Fangming Lin, Division of Pediatric Nephrology, Department of Pediatrics, Columbia University Vagelos College
of Physicians and Surgeons, 622 West 168th Street, PH17-102F, New York, NY 10032, USA. Tel: +1 212 305 0793; fax: 212 305
8808; FL2300@columbia.edu.

Conflicts of interest
There are no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lin

Page 2

overlap with those of transcriptomes of human transplanted kidneys [1*,2]. Transcription
factors are known to play pivotal roles in response to injury and adaption to stress. Classic
pathophysiological studies and recent molecular analyses indicate that hypoxia and
metabolic stress occur in the kidneys with CKD changes [1"",3,4]. The present review will
highlight a previously unrecognized hypoxia-mediated molecular regulation and function of
the FoxO3 transcription factor in renal tubular defense against the development of CKD.

FUNCTION AND REGULATION OF FOXO TRANSCRIPTION FACTORS

The forkhead box (FOX) genes belong to an evolutionarily ancient family of transcription
factors that participate in a wide range of essential functions including regulation of organ
development, cell proliferation, senescence, and metabolic homeostasis. The first FOX gene
was discovered in Drosophila, in which gene mutation resulted in a fork-headed appearance
in the fly [5]. There are 44 FOX genes in the mouse genome and more than 50 FOX genes in
the human genome, divided into 19 subfamilies classified as FOXA through FOXS. The
proteins encoded by FOX genes share a well conserved winged-helix DNA-binding domain,
or forkhead domain, that binds to the promoter of a large number of target genes as a
monomer to activate gene expression [6].

Among FOX transcription factors, FOXO is one of the most studied subfamilies because of
the critical role in the regulation of metabolism, oxidative stress response, and cell-cycle
progression. There are four mammalian FOXO genes, FOXO1, FOX03, FOX04, and
FOXO6, which are located on different chromosomes in humans. FOX02 and FOXO3 are
identical and FOXOS5 is the ortholog of FOXO3 in fish. In invertebrates, there is only one
FOXO gene, daf-16 in Caenorhabditis e/egans and dFOXO in Drosophila. All FOXO
transcription factors bind to a consensus DNA sequence (5’-TTGTTTAC-3’) in the promoter
region of their target genes, which may explain functional redundancy [7]. However, FOXO
isoforms also exhibit distinct functions, partially because of their tissue expression patterns.
Although FOXOE6 is largely restricted to neural cells, FOXO1, FOXO3, and FOXO04 are
expressed ubiquitously. Mouse knockout studies have revealed an essential role of FoxO
family members. FoxOZ1-null mice die on the embryonic day 10.5 because of incomplete
vascular formation. FoxO3-null mice have normal organ development but are infertile
because of premature germ line stem cell differentiation leading to early ovarian failure.
FoxO4-null mice are indistinguishable from their littermate controls [8,9]. Although initial
studies in FoxO6-null mice show normal learning but impaired memory consolidation [10],
recent studies indicate that FOXO6 also mediates insulin actions via a different mechanism
than other FOXO family members, suggesting that FOXO6 is evolutionally divergent from
other FOXO isoforms [11,12].

FOXOs are generally regarded as stress responsive transcription factors that counteract three
major stress conditions: metabolic stress, oxidative stress, and growth factor deficiency. In
C. elegans, daf-16 is notable for regulating the entry into a hibernation-like state or Dauer
stage under adverse conditions [13] and responsible for lifespan extension. Similarly,
optimal FOXO activity prolongs lifespan in humans and dysregulation of this pathway
contributes to the two most common diseases in aging, cancer and diabetes [7,14,15]. The
major upstream regulators of FOXOs are mediated through the PI3K/AKT and cellular
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stress pathways including JNK and AMPK signaling [16]. Under stress conditions such as
starvation, or in the absence of growth factors, FOXO proteins translocate to the nucleus to
trigger gene expression for downstream stress response. Conversely, under nutrient and
growth factor abundant conditions or in cancer cells where PI3BK/AKT pathway is aberrantly
activated, AKT phosphorylates FOXO proteins at three conserved serine and threonine
residues, which creates a docking site for the 14-3-3 protein that exports FOXOs from
nucleus to the cytoplasm where FOXOs are inactivated. The exception is that FOXO6
subcellular localization is not significantly affected by the PI3K/AKT signaling [17].

The activity of FOXOs are mainly regulated by posttranslational modifications, although
micro-RNAs (miRNAS) have been shown to affect FOXO expression. These
posttranslational modifications include phosphorylation, acetylation, methylation, and
ubiquitination, which influence the subcellular localization, protein stability, and
transcriptional activity of FOXOs and their coregulators. Please refer to excellent reviews on
the topic [16,18]. Specific to FOXO3 and kidney disease, we have recently demonstrated
that FoxO3 protein abundance can also be regulated by prolyl hydroxylation (Fig. 1). Here
we will focus on the function and regulation of FOXO3 during the development of CKD.

HYPOXIA IS A PATHOGENIC FACTOR FOR CHRONIC KIDNEY DISEASE
AND ACTIVATOR FOR FOXO3

Epidemiological studies indicate that the incidence of AKI is increasing [19] and AKI can
lead to the development of CKD if renal repair is unsuccessful [20,21]. Cellular and
molecular mechanisms of incomplete renal repair following AKI are not fully understood,
but could result from severe tubular injury or multiple episodes of AKI leaving fewer
competent precursors to enter the proliferative state and/or an altered transcriptional profile
limiting proliferative capacity in surviving tubular cells [22®*]. Following ischemic injury,
pericytes migrate away from the capillary wall to the interstitial space and transition into
myofibroblasts [23]. Peritubular capillaries without mural cells regress [24,25]. The
transformation of pericytes into myofibroblasts could explain, at least in part, capillary
rarefaction, interstitial fibrosis, and renal hypoxia [26,27]. Additionally, tubule-derived
vascular endothelial growth factor A (Vegfa) is required to maintain capillary network after
birth [28]. Tubules that failed in repair may have low Vegf secretion causing further
compromise in peritubular capillaries, which feeds back to cause more tubular hypoxia thus
leading to a self-perpetuating, vicious cycle in the pathogenesis of CKD.

Cells can sense and respond to hypoxia and nutrient deficiency. Hypoxia-inducible factors
(HIFs) are key transcription factors regulating metabolic reprogramming in normal and
cancer cells. Under normoxic conditions, the HIF-a subunits are hydroxylated at two proline
residues by HIF prolyl hydroxylase domain proteins PHD1-3, which are O,- and a-
ketoglutarate-dependent dioxygenases. Proline hydroxylation allows HIF binding to the
pVHL-E3 ubiquitin ligase complex and HIF degradation via the ubiquitin proteasomal
system (UPS) [29""]. Of the three PHD isoforms that function as oxygen sensors, PHD2 is
the primary prolyl hydroxylase for the a subunit of the HIF proteins [30,31], and PHD1 and
PHD3 may hydroxylate other substrates. Using bio-chemical assays, Zheng et al.
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demonstrate that FoxO3, but not FOXO1, is hydroxylated by PHD1 at Pro426 and Pro437,
which disrupted the binding with USP9x deubiquitinase, thus promoting FoxO3 degradation
via UPS. The prolyl hydroxylation reaction is confirmed in a breast cancer cell line and 293
embryonic kidney cells [32].

In normal mouse kidneys, nuclear FoxO3 is mainly expressed in the distal nephron and
collecting ducts, with only 6% of proximal tubular cells expressing detectable nuclear
FoxO3. However, FoxO3 activation with nuclear translocation is significantly increased in
the hypoxic tubules following ischemic or obstructive injury [33",34]. Exposing renal
tubular epithelial cells to a hypoxic environment with 1% O or hypoxia-mimetic
dimethyloxalylglycine (DMOG) that inhibits PHD enzymes reduces prolyl hydroxylation of
FoxO3, prevents its degradation through UPS and leads to FoxO3 protein accumulation.
Starving cells by withdrawing amino acids and glucose also increases FoxO3 protein
abundance. Conversely, supplementing starved cells with a cell permeable analogue of a-
ketoglutarate, dimethyl a-ketoglutarate (DMKG), results in a dramatic decrease in FoxO3
protein, likely because of enhanced prolyl hydroxylation that facilitates FoxO3 degradation.
Using an antibody to OH-FoxO3 at Pro437, we detect OH-FoxO3 in renal epithelial cell
cultures under normoxic conditions (21% O,). The OH-FoxO3 increases substantially when
ubiquitin proteasomal degradation is inhibited. Furthermore, knocking-down studies suggest
that all three PHD isoforms that are known to be expressed in the kidney can catalyze prolyl
hydroxylation of FoxO3 [33"]. We conclude that, similar to HIF proteins, FOXO3 is
subjected to posttranslational modification in an oxygen sensitive manner and hypoxia
activates the FoxO3 transcription factor (Fig. 2A). Interestingly, FoxO3 activation under
hypoxic conditions is partially dependent on Hifl, as deletion of Hif-1a attenuated the
increase of FoxO3 mRNA and protein, suggesting a molecular nexus in kidney stress
response.

FOXO3 ACTIVATION COUNTERACTS STRESS SIGNALS DURING AKI TO
CHRONIC KIDNEY DISEASE TRANSITION

Sensing environmental changes, such as growth factor deficiency and stress from nutrient
scarcity, hypoxia and reactive oxygen species, multiple upstream pathways are activated and
converge on FOXO3, which activates a plethora of stress responsive genes to adapt the
changing environment. Many of the direct target genes are conserved in human, mouse, C.
elegans and Drosophila [35]. FOXO3 is one of the rare genes that have consistently been
shown to be associated with lifespan extension across the species [36,37,38"]. The antiaging
capability of FOXO3 is attributed to its effects in suppressing tumors, reducing oxidative
stress, stimulating autophagy, and regulating cell metabolism and the cell cycle in a wide
variety of tissues. Our current knowledge of FOXO3 function in the kidney is limited.
FoxO3 null mice have no apparent kidney structural abnormalities [9], suggesting that
FoxO3 is not required for nephrogenesis in the nutrient and growth factor abundant
environment. However, following caloric restriction, FoxO3 can be activated in a histone
deacetylase Sirtl-dependent manner. FoxO3 then activates a core autophagy protein Bnip3,
stimulating mitophagy that serves to protect the aging kidney [39].
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During the development of CKD, interstitial fibrosis and vascular dropout reduce oxygen
and nutrient delivery, causing metabolic and oxidative stress to the kidney. Hypoxia, nutrient
deficiency, and reactive oxygen species (ROS) are powerful stimuli for autophagy [40-42],
which is a lysosomal degradation pathway that targets nonessential or damaged intracellular
constituents for energy reutilization required for cell survival and cell quality control under
stress [42,43]. Using the new autophagy reporter line that expresses RFP-EGFP-LC3 fusion
protein that allows us to study autophagic capacity and flux in real time, we tracked the
autophagic process in the kidneys following ischemia-reperfusion injury (IRI). We showed
that epithelial autophagy was dynamically regulated. Autophagy was activated in the early
phase post-IRI and resolved as mTOR was activated during tubular repair. Autophagy
returned to the baseline level 1 week post-IRI [44]. However, epithelial autophagy re-
appeared 2—4 weeks later and persisted in regions of low capillary density and tissue
hypoxia. Coin-ciding with the autophagic stress response, FoxO3 was activated in tubular
epithelial cells via hypoxia-induced protein stabilization [33"], which agrees with our
previous finding that FoxO3 is also activated in the hypoxic kidney injured by urinary tract
obstruction [34]. FoxO3 activation increases the capacity of epithelial autophagy by
stimulating early steps of autophagic flux but does not enhance lysosomal fusion and
degradation at the terminal clearance of the autophagic process [33",34]. Unlike transient
autophagy that requires modification and assembly of preformed autophagy-related proteins
(Atgs), protracted hypoxia and metabolic perturbation in the kidneys with CKD changes
elicit a persistent autophagic response. FoxO3 stimulated mMRNA expression of Atgs leads to
replenishment of core components of the autophagic machinery that would otherwise be
exhausted.

Conditional deletion of FoxO3 in all tubular cells during the AKI to CKD transition reveals
a renal protective effect of FoxO3, as FoxO3 deletion leads to profound CKD pathological
changes in the mutant kidney following IRI. The mice also exhibit accelerated renal
functional decline with higher serum creatinine and urinary albumin excretion. At the
subcellular level, mitochondrial swelling, loss of cristae and rupture of inner and outer
membranes are frequently detected in the mutant kidneys. These signs of injury are
concurrent with reduced epithelial autophagy and lower expression of superoxide dismutase
2 (SOD2), a mitochondrial scavenging enzyme that is a direct downstream target of FoxO3.
Stimulation of autophagy and reduction of oxidative injury serve an underlying mechanism
of renal protection by FoxO3.

TARGETING FOXO3 FOR POTENTIAL CHRONIC KIDNEY DISEASE
TREATMENT

FoxO3 activation as a counteractive mechanism to stress is conserved in worms, flies, mice,
and humans. We show that in human kidneys biopsied for AKI or AKI-on-CKD, vascular
dropout, and increased nuclear FOXO3 expression coexist with autophagosomes and
autolysosomes in injured proximal tubules [33"]. The association of FOXO3 activation with
the autophagic response suggests that, like what have learned from mouse studies, FOXO3
may regulate stress adaptation in human kidneys as well. Given the importance of prolyl
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hydroxylation in FOXO3 activation in the context of renal hypoxia, targeting PHD enzymes
to stabilize FOXO3 protein could represent a new therapeutic approach.

PHD isoforms have diverse patterns of tissues expression and may exhibit substrate
preference. All three isoforms are expressed in rodent kidneys [45]. Although PHD2 is
likely to be the predominant enzyme for prolyl hydroxylation of the a-subunit of HIF-1,
PHD3 has been shown to be the primary regulator for HIF-2a [30,31,46]. All three PHD
isoforms appear to be involved in FoxO3 prolyl hydroxylation [33"]. The substrate list for
PHDs is growing as more research results become available [47,48"]. Therefore, new
generations of orally active small molecule PHD inhibitors used to treat anemia of renal
failure [49-53] via stabilizing HIF-2 that stimulates the expression of erythropoietin in
FoxD1-derived stromal cells in the kidney [54], may offer additional therapeutic benefits by
FOXO3-mediated renal protection (Fig. 2B). Given a diverse pattern of expression of PHD
isoforms, these new inhibitors may also create unexpected extra-renal consequences. Animal
studies to test direct tubular effects of PHD inhibitors are under way.

It is important to note FoxOs interact with other transcription factors and co-regulators, and
cross talk with other signaling pathways that include p53, Myc, Wnt/p-catenin, and mTOR
complexes [16]. These interactions may serve as a positive reinforcement or negative
feedback in a context-dependent fashion. For example, FoxO3 promotes metabolic
adaptation to hypoxia and increases mitochondrial detoxification of ROS by antagonizing
Myc function [55,56]. On the other hand, an interesting output of FOXO activation is
downstream activation of PI3BK/AKT, which feeds back to inhibit FOXO activation in
leukemia cells [57] or in the liver during insulin signaling [58,59]. It is conceivable that
FOXO may integrate diverse stress signals and regulate cell survival, apoptosis, or
senescence depending on the level of stress, degree of cells injury, and state of cell
proliferation.

CONCLUSION

FOXO3 is activated in response to metabolic and oxidative stress to reduce tubular injury
and promote cell survival. However, altered immune response, inflammation and growth
factor signaling are also among other pathogenic factors for the development of CKD
[1™,2,60"]. A more in-depth understanding of the pathogenesis of CKD and FOXO
signaling and function during the difference phase of kidney injury, and effective or futile
repair is prerequisite before harnessing FOXO for preventing and treating kidney disease.
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KEY POINTS

. Hypoxia and metabolic derangement in the kidney trigger stress response in
renal tubular epithelial cells.

. The stress responsive transcription factor FoxO3 can be activated under
hypoxic conditions via hypoxia-induced inhibition of prolyl hydroxylation
and subsequent degradation.

. FoxO3 activation stimulates autophagy and ROS detoxification in renal
tubular cells, thus reducing cell injury and promoting cell survival.

. A more in-depth understanding of CKD pathogenesis and molecular
regulation and function of FOXOs in the disease kidney is required before
targeting FOXOs for potential therapy.
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FIGURE 1.
Stress induced activation of FOXO transcription factors. Growth factor deficiency, metabolic

stress/hypoxia, and high level of reactive oxygen species stimulate stress-sensitive signaling
pathways leading to posttranslational modifications and activation of FOXO. FOXO
stimulates the expression of target genes for cell adaptation and defense.
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FIGURE 2.
(A) Hypoxia results in increased FoxO3 protein abundance. Prolyl hydroxylation of FoxO3

depends on molecular oxygen and a-ketoglutarate. OH-FoxO3 is then degraded through the
ubiquitin proteasomal system. Dimethyl a-ketoglutarate (DMKG), a cell permeable
analogue of a-ketoglutarate enhances prolyl hydroxylation. Conversely, hypoxia or hypoxia-
mimetic dimethyloxalylglycine (DMOG) inhibits this reaction leading to FoxO3
accumulation and activation of autophagy and ROS detoxification. ROS, reactive oxygen
species. (B) The new orally active small molecule inhibitors of PHD enzymes may have a
tubular protective effect by stimulating FoxO3 activation in addition to stabilizing the a
subunit of HIF2 to increase erythropoietin (EPO) production for the treatment of anemia of
chronic kidney failure.
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