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Forkhead box O3 (FoxO3) regulates kidney tubular
autophagy following urinary tract obstruction
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Autophagy has been shown to be important for normal home-
ostasis and adaptation to stress in the kidney. Yet, the molecular
mechanisms regulating renal epithelial autophagy are not fully
understood. Here, we explored the role of the stress-responsive
transcription factor forkhead box O3 (FoxO3) in mediating
injury-induced proximal tubular autophagy in mice with unilat-
eral ureteral obstruction (UUO). We show that following UUO,
FoxO3 is activated and displays nuclear expression in the
hypoxic proximal tubules exhibiting high levels of autophagy.
Activation of FoxO3 by mutating phosphorylation sites to
enhance its nuclear expression induces profound autophagy in
cultured renal epithelial cells. Conversely, deleting FoxO3 in
mice results in fewer numbers of autophagic cells in the proxi-
mal tubules and reduced ratio of the autophagy-related protein
LC3-1I/1in the kidney post-UUO. Interestingly, autophagic cells
deficient in FoxO3 contain lower numbers of autophagic vesi-
cles per cell. Analyses of individual cells treated with autophagic
inhibitors to sequentially block the autophagic flux suggest that
FoxO3 stimulates the formation of autophagosomes to increase
autophagic capacity but has no significant effect on autophago-
some-lysosome fusion or autolysosomal clearance. Further-
more, in kidneys with persistent UUO for 7 days, FoxO3 activa-
tion increases the abundance of mRNA and protein levels of the
core autophagy-related (Atg) proteins including Ulkl, Beclin-1,
Atg9A, AtgdB, and Bnip3, suggesting that FoxO3 may function
to maintain components of the autophagic machinery that
would otherwise be consumed during prolonged autophagy.
Taken together, our findings indicate that FoxO3 activation can
both induce and maintain autophagic activities in renal epithe-
lial cells in response to injury from urinary tract obstruction.
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Autophagy is essential for normal renal homeostasis (1) and
serves as an adaptive response to stress and injury to the kidney
(2-5). We have previously shown that autophagy is induced in
the kidney tubules following ischemic injury and resolves when
tubules enter the repair phase. Autophagy resolution and tubu-
lar regeneration requires mechanistic target of rapamycin
(mTOR)? activation (6). Despite the progress in the general
understanding of autophagy regulation in many other cell
types, little is known about its molecular regulation in the kid-
ney beyond the role of mTOR in models of transient stress and
injury to the kidney.

Here, we investigate the regulation of epithelial autophagy in
the kidney with persistent stress following unilateral ureteral
obstruction (UUQO), where prolonged epithelial autophagy can
be induced (7). We focused on FoxO3, which is a stress-induced
transcription factor known to play an important role in energy
metabolism, stress adaptation, longevity, cell proliferation, and
death (8). It is indispensable for autophagy and cell atrophy in
skeletal and cardiac muscles under stress (9—-11). In the pres-
ence of survival factors, such as insulin-like growth factor-1 or
nutrient abundance, FoxO3 is phosphorylated by kinases and
exported from the nucleus to the cytoplasm, and becomes inac-
tive. Cytoplasmic FoxO3 can then be degraded via the ubiquitin
degradation system (12, 13). However, following stress, FoxO3
accumulates in the nucleus and functions as a transcription
activator or repressor in a context-dependent fashion (12, 14).

There is only limited knowledge of the function of FoxO3 in
the kidney. FoxO3 null mice (15) are born with no renal struc-
tural defects, indicating that FoxO3 is not required for nephro-
genesis in the environment where growth factor and nutrient
abundant favors cell growth. In the aging and hypoxic mouse
kidneys, FoxO3 is activated following caloric restriction in a
histone deacetylase Sirtl-dependent manner. Exposing renal
tubular cells to serum obtained from caloric restricted aging
mice activates FoxO3 and induces the expression of a core
autophagy protein Bnip3, which plays a role in mitophagy. This
FoxO3-mediated autophagic effect provides a mechanism for
cytoprotection against hypoxia during aging (16). Given the
importance of FoxO3 in stress response across many cell types

3 The abbreviations used are: mTOR, mechanistic target of rapamycin; UUO,
unilateral ureteral obstruction; Kim1, kidney injury molecule 1; RFP, red
fluorescent protein; EGFP, enhanced green fluorescent protein; LTA, Lotus
tetragonolobus agglutinin; DBA, dolichos biflorus agglutinin; PFA, parafor-
maldehyde; EBSS, Earl’s balanced salt solution; DMOG, dimethyloxalylgly-
cine; PHD, prolyl hydroxylase; AP, autophagosomes; AL, autolysosome.
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(8), we explore its regulation of epithelial autophagy following
UUO, in which autophagy is induced consistently (6, 7). We
demonstrate here that FoxO3 is significantly activated in
proximal tubules to stimulate autophagy via increasing the
autophagic capacity in individual cells and stimulating tran-
scriptional activation of core Atg proteins for sustained
autophagic response in the obstructed kidneys.

Results

Obstructive injury induces the most significant autophagy in
the hypoxic proximal tubules

Using the autophagy reporter mice CAG-RFP-EGFP-LC3
(named CREL here), we examined epithelial autophagy by the
presence of RFP puncta that were known to be present in all
stages of autophagic vesicles. We defined cells that contained 3
or more RFP dots as autophagic cells (6). In sham-operated
control mice, 6.7 £ 2.2% of proximal tubules contained
autophagic cells. UUO stimulated autophagy dramatically in
the injured proximal tubules that expressed kidney injury mol-
ecule 1 (Kim1), in which 69.0 = 6.8% at 3 days (n = 3, p < 0.005)
and 88.8 = 5.7% at 7 days (n = 3, p < 0.001) were autophagic. In
comparison, collecting ducts that were closest to the site of
obstruction showed less significant increases in autophagy in
principal cells (dolichos biflorus agglutinin (DBA ™)) from 8.4 =
1.4% at the basal level to 20.8 == 0.9% at 3 days (n = 3, p = 0.03),
and 33.3 = 3.9% at 7 days (n = 3, p < 0.05) following UUO.
Intercalated cells (DBA™) of the collecting ducts, which are
known to have a high basal level of autophagy (6) showed no
increase in the number of autophagic cells from the basal level
of 17.3 = 1.0to 14.9 = 1.7% (n = 3) at 3 days and 17.4 += 1.2%
(n = 3) at 7 days (Fig. 1, A and B). Our results indicate a differ-
ential stress-induced autophagic response in renal tubules.

Nutrient deprivation and energy deficiency are potent induc-
ers for autophagy. In the proximal tubules where the most sig-
nificant increase in autophagy occurred, tubular hypoxia indi-
cated by the accumulation of pimonidazole protein adducts was
apparent (Fig. 1C), whereas in the collecting ducts the protein
adducts were below a detectable level (not shown). Peritubular
microvascular density indicated by immunostaining of endo-
mucin, which labeled endothelial cells of the capillaries and
small veins was reduced significantly (n = 4 p < 0.01) in the
post-obstructive kidneys (Fig. 1D), suggesting a decrease in
oxygen and nutrient delivery to the kidney. It is likely that high
demands for oxygen-dependent energy production in the
mitochondrion-rich proximal tubules contribute to their
more hypoxic status.

Hypoxia activates FoxO3 in renal tubular cells

To understand the molecular regulation of proximal tubular
autophagy in post-obstructive hypoxic kidneys, we focused on
FoxO3, which is a stress-responsive transcription factor shown
to activate autophagy in a wide range of cell types (9-11).
FoxO3 can mediate mitophagy to increase the adaptation to
hypoxia in the aging kidney in mice with caloric restriction (16).
Furthermore, hypoxia has been shown to cause FoxO3 accu-
mulation through inhibition of FoxO3 degradation in a breast
cancer cell line (13). Similarly, exposing primary cultures of
proximal tubular cells to hypoxic conditions (1% O,) for 10 min
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Figure 1. Obstructive injury induces significant autophagy in the
hypoxic proximal tubules. A, increased number of autophagic cells that
contain =3 RFP dots in proximal tubules that express Kim1 (green) following
UUO. Proximal tubules in sham were identified by LTA staining in green. B,
increased number of autophagic cells that contain =3 RFP dots in principal
cells (PC, arrows) labeled positive for DBA (green) and no increase in
autophagy in intercalated cells (IC, arrowheads) that are negative for DBA in
the collecting ducts. Scale bar, 20 um in A and B. Values are mean = S.E, n =
3; 1, p <0.001 comparing UUO with sham in the proximal tubules; *, p < 0.05
comparing UUO with sham in the principal cells of the collecting ducts. C, proxi-
mal tubular hypoxia indicated by the accumulation of pimonidazole protein
adducts (Pimo, red) following UUO. Proximal tubules were identified by LTA stain-
ing in green. D, reduced microvascular density indicated by endomucin staining
of the endothelial cells of capillaries and small veins. Scale bar, 20 wm in Cand D.
Values are mean £ S.E.n = 4.**, p < 0.01 compared with sham in D.

to 4 h resulted in significant increases in FoxO3 protein abun-
dance that peaked at 1 h. Autophagic levels measured by the
ratio of LC3-II/I proteins increased concurrently (Fig. 24).

Renal epithelial cells express prolyl hydroxylases (PHD1-3),
thatare oxygen- and 2-oxoglutarate-dependent in their enzyme
activity (17, 18). To begin to understand whether PHDs could
catalyze FoxO3 hydroxylation leading to protein degradation
similar to that of breast cancer cell line, we treated primary
cultures grown in normoxic conditions with a PHD inhibitor
dimethyloxalylglycine (DMOG), which is an antagonist of
2-oxoglutarate. DMOG treatment stabilized the Hifl « that is a
known substrate of PHD enzyme (Fig. 2B), indicating its effec-
tiveness in enzyme inhibition. Moreover, DMOG mimicked the
hypoxic condition to cause increased FoxO3 protein as well as the
ratio of LC3-1I/I (Fig. 2C). Our results suggest that prolyl hydrox-
ylase activity may regulate FoxO3 protein abundance directly
and/or via a Hifl-dependent mechanism that has been shown in
other cells (19, 20). Future studies to delete Hifla or FoxO3 spe-
cifically in renal tubular cells will help understand the interaction
of Hifl and FoxO3 in the hypoxic and diseased kidneys.

Obstructive injury activates FxO3 to induce proximal tubular
autophagy

In the kidneys, expression of nuclear FoxO3 in proximal
tubules was significantly increased from 6.0 * 1.8% at basal
level to 34.0 * 3.4% at 3 days (n = 3, p < 0.01) and 45.5 = 2.8%
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Figure 2. Hypoxia increases FoxO3 protein abundance and epithelial
autophagy. A, hypoxia (1% O,) increases FoxO3 protein abundance and cell
autophagy in primary cultures of renal epithelial cells. B, primary cultures
grew in normoxic conditions were pre-treated with a PHD inhibitor DMOG or
vehicle for 2 h before continuing treatment in the normoxic condition for an
additional 30 min. Another group of cells were exposed to 1% oxygen for 30
min. Immunoblot analysis indicates Hif1 protein stabilization in cells treated
with DMOG or exposed to 1% oxygen. C, DMOG treatment leads to increased
levels of FoxO3 protein as well as higher ratio of LC3Il/I. Values are mean = S.E.
n = 3.* p < 0.05 comparing DMOG or vehicle treatment; **, p < 0.01 com-
paring cells in normoxic and 1% oxygen conditions.
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at 7 days (n = 3, p < 0.05) following UUO (Fig. 3A). Further
analysis indicated that at 7 days post-UUO, 90.6 = 0.3% of
nuclear FoxO3-expressing cells underwent autophagy with 3 or
more RFP dots in the cytoplasm (Fig. 3B), suggesting a role of
FoxO3 in autophagy regulation.

FoxO3 regulation by post-translational modifications has
been extensively reported (21). Insulin and growth factors stim-
ulate Akt to phosphorylate three serine and threonine residues
in FoxO3 leading to FoxO3 nuclear-cytoplasmic shuttling.
When localized to the nucleus, FoxO3 can function as a tran-
scriptional activator or repressor (12, 14). To directly test
whether nuclear-localized FoxO3 activated autophagy in kid-
ney tubular cells, we isolated renal epithelial cells from CREL
mice and infected the primary cultures with adenoviruses
expressing a mutated FoxO3 (AFoxO3) in which all three Akt
phosphorylation sites at serine and threonine residues were
changed to alanine, thus restricting it to the nucleus. Under
normal culture conditions, 3.8 * 2.0% cells infected with con-
trol adenoviruses showed evidence of autophagy. In compari-
son, 38.8 * 1.6% cells infected with adeno-AFoxO3 underwent
autophagy (p < 0.05, n = 4). Starving cells by intubating in a
basal medium (Earle’s Balanced Salt Solution, EBSS) that con-
tained no amino acids and glucose for 30 min led to an expected
increase in autophagy in cells with control infections (10-fold
increase), but no further increase of autophagy in cells with
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Figure 3. UUO activates FoxO3 to stimulate epithelial autophagy. A, UUO
induces significant increases in nuclear FoxO3 expression (red, arrows) in
injured proximal tubules that express Kim1 (green). Proximal tubules in sham
were identified by the LTA staining in green. Values are mean =+ S.E.n = 3. %%,
p < 0.05 compared with sham. Scale bar, 20 um. B, abundant autophagy with
the presence of RFP dots (arrows) in nuclear FoxO3 expressing proximal
tubules that express Kim1 (white). Proximal tubules in sham were identified
by the LTA staining in white. Scale bar, 20 um. C, renal epithelial cells of CREL
mice infected with AFoxO3 show abundant autophagic RFP dots under fed
and starved conditions. Values are mean = S.E. n = 4, *, p < 0.05. Cells with
control infection show low levels of autophagy under fed conditions but
respond to starvation with increased autophagy. Values are mean = S.E.n =
4.1, p < 0.05. Scale bar, 10 um. D, reduction of autophagy in cells deficient
with FoxO3. Primary cultures of renal epithelial cells were isolated from
Fox03™/* and FoxO3 ™/~ mice and subjected to starvation by feeding with
amino acid- and glucose-deficient medium. Immunoblots indicate lower lev-
els in the ratio of LC3-II/I proteins in cells isolated from FoxO3 ™/~ mice. Gapdh
was used as a loading control. Values are mean = S.E. n = 4. %, p < 0.05
compared with FoxO3™/~ mice.

adeno-AFoxO3 infections (Fig. 3C). Our results suggest that
expression of nuclear FoxO3 can activate autophagy in kidney
epithelial cells. Conversely, cells lacking FoxO3 (isolated from
FoxO3~'~ mice) showed a reduced autophagic response with a
lower ratio of LC3II/I when primary cultures were deprived of
amino acid and glucose for 30 min (n = 4, p < 0.05) (Fig. 3D),
further supporting the role of FoxO3 in autophagy activation.

FoxO3 activation increases autophagic capacity in epithelial
cells

The effect of FoxO3 activation in epithelial autophagy was
further tested in the kidneys with obstructive injury. FoxO3~'~
mice have no renal structural and functional abnormalities and
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Figure 4. FoxO3 increases autophagic capacity in renal epithelial cells. A,
significant increases in the ratio of LC3-Il/I proteins in Fox03*/* but not in
Fox03~/~ mice following obstructive injury. Gapdh was used as a loading
control.*, p < 0.05, comparing UUO to sham. B, greater numbers of cells in the
proximal tubules (labeled with LTA in white) exhibit autophagy with the pres-
ence of =3 RFP dots (arrows) in FoxO3™/™ than in those of FoxO3™/~ mice.
Values are mean = S.E.n = 4.*,p < 0.01 between Fox03*/* and Fox03 ™/~
mice. Scale bar, 20 um. C, the majority of autophagic proximal tubular cells
(defined as cells containing =3 RFP dots) contain 20 or less RFP dots in
Fox03~/~ mice, whereas the majority of autophagic cells in proximal tubules
of Fox03™/* mice contain 20 or more dots.

live normally, with the exception that female mice exhibit early
ovarian failure due to accelerated differentiation of germ line
stem cells (15). Although under basal conditions, FoxO3 '~
mouse kidneys tended to have lower levels of the ratio of LC3-
I1/1 proteins than that of FoxO3"’" mouse kidneys, no signifi-
cant differences in the ratio were detected (n = 4). Following
UUO, FoxO3™"'* mice showed a progressive increase in LC3-
II/I protein levels from the baseline, whereas the increases in
LC3-11/1 proteins did not reach a significant level in FoxO3™ '~
mice. At 3 and 7 days post-UUO, there was a 57 and 58% reduc-
tion in the ratio of LC3-II/I proteins in FoxO3~ '~ mouse kid-
neys, respectively (Fig. 44).

Next, we crossed the CREL reporter with FoxO3 mice and
quantified the proximal tubules for the number of autophagic
cells indicated by the presence of 3 or more RFP dots. At 7 days
post-UUO, a 30% reduction of autophagic cells was detected in
CREL;FoxO3~'~ mice compared with CREL;FoxO3"'" mice
(Fig. 4B) (n = 4, p < 0.01). Close examination of the number of
RFP* dots per cell indicated that the majority (88%) of
autophagic cells in CREL;FoxO3 ™'~ mice had 20 or fewer dots.
In comparison, more than half (53%) of autophagic cells in
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CREL;FoxO3"'" mice had more than 20 dots (Fig. 4C). Our
results suggest that FoxO3 activation may increase the
autophagic capacity in individual renal epithelial cells. Alterna-
tively, FoxO3 could reduce the clearance of autophagic vesicles
resulting in accumulation of RFP dots in each cell.

FoxO3 increases autophagy by stimulating the formation of
autophagosomes

To study whether FoxO3 increased autophagic capacity or
interfered with autophagic flux by reducing clearance, we first
tested the utility of using renal epithelial cells isolated from
CREL mice to track autophagic flux. We have previously gen-
erated CREL mice that expressed a tandem RFP (pK, 4.5) and
EGFP (pK, 5.9) fused with LC3 protein with the goal to identify
autophagosomes (AP), which appeared yellow due to emission
of both RFP with EGFP fluorescence, and autolysosomes (AL),
which would appear red if quenching of EGFP fluorescence in
the acidic lysosomal pH was complete. We have previously
shown that 14% of AL in cultured renal epithelial cells also
emitted weak green signals, indicating that quenching of EGFP
fluorescence could be incomplete in the lysosomal pH 4 -5 (6).
In addition, inhibitors commonly used to study autophagic flux
may increase lysosomal pH, thus resulting in more AL to appear
yellow. Therefore, we added staining for the lysosomal marker
Lampl to distinguish autophagic dots before and after fusion
with lysosomes to study the effect of FoxO3 on autophagic
capacity and flux.

Upon starvation for 30 min, 15 = 1.8% of yellow dots also
expressed Lampl. Treating cells with hydroxychloroquine,
which increased the lysosomal pH, resulted in an increase in
Lampl-positive yellow dots to 59 * 3.4%. Bafilomycin, a V-
ATPase inhibitor that inhibited both fusion and lysosomal deg-
radation, also increased the number of Lamp1-positive yellow
dots to 48 * 1.8%. Next, we treated cells with vinblastine, which
inhibited fusion without affecting pH, and found the number of
Lampl-positive yellow dots to be 14 * 1.5%, which was com-
parable with that in cells without inhibitor treatment. A com-
bination of E64d and pepstatin A that inhibited lysosomal
enzymes increased the Lampl-positive yellow dots to 58 *
1.3%, largely reflecting the accumulation of EGFP protein in the
autolysosomes (Fig. 5A4). Thus, our results confirm the pH sen-
sitivity of EGFP fluorescence and cautioned the use of yellow
dots as a single method to identify AP under certain experimen-
tal conditions. Additional use of Lamp1 would reliably identify
AL that emits red and sometimes yellow signals as illustrated in
the schematic (Fig. 5D). This method was used for the following
studies to examine the autophagic flux.

Next, to investigate the effect of FoxO3 on autophagic flux,
we treated cells isolated from CREL;FoxO3"'" and CREL;
FoxO3~'~ mouse kidneys with vinblastine to prevent fusion of
autophagosomes with lysosomes, or E64 combined with pep-
statin A to inhibit lysosomal clearance. Under normal culture
conditions and without inhibitor treatment, low basal levels of
autophagy were detected and there were no significant dif-
ferences in the number of fluorescent dots/cell between cells
isolated from CREL;FoxO3*'* and CREL;FoxO3~'~ mouse
kidneys (not shown). Following starvation with nutrient dep-
rivation, cells isolated from CREL;FoxO3"'* mice had 59%
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or deficient with Fox0O3. D, schematic illustration of the utility of the CREL mice to study autophagic flux.

more increase in the total number of autophagic dots/cell com-
pared with cells isolated from CREL;FoxO3 '~ (119 = 20 dots/
cell versus 75 = 6 dots/cell, n = 12, p < 0.05). As expected,
treating both types of cells with fusion inhibitor vinblastine led
to increases in the total number of dots/cell as a result of accu-
mulation of AP. Consistent with results from starved cells with-
out inhibitor treatment, more total dots were present in CREL;
FoxO3"'* (170 = 38 dots/cell) than CREL;FoxO3 '~ cells

13778 J Biol. Chem. (2017) 292(33) 13774-13783

(129 = 19 dots/cell). However, proportional increases in AP
were comparable in both types of cells (2.1-fold in FoxO3™'*
and 2.6-fold in FoxO3~'~ cells), suggesting that FoxO3 has no
effect in the fusion of AP with lysosomes. Next, treating cells
with E64d combined with pepstatin A led to an increase in the
total number of autophagic dots/cell, which was largely due to
accumulation of AL from blockage of clearance. Similar to the
fusion process, no differences in the proportional increase in
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Figure 6. Fox0O3 activation induces the expression of mRNAs for Atg pro-
teins in obstructed kidneys. Increased expression of mRNAs for UIK1,
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AL were detected in FoxO3"'" (2.3-fold) and FoxO3~ '~ cells
(2.7-fold) (Fig. 5, Band C), suggesting that FoxO3 did not affect
autophagic clearance at the lysosomal level. Taken together,
our results lead us to the conclusion that FoxO3 increases
autophagic capacity by stimulating early autophagic flux, i.e.
enhancing the formation of autophagosomes without affecting
lysosomal fusion and clearance.

FoxO3 increases Atg mRNAs and proteins in the obstructed
kidneys

Persistent obstruction of the ureter created prolonged stress
and injury to kidney epithelial cells that exhibit FoxO3 activa-
tion and progressive increase in autophagy. We reasoned that
maintaining prolonged autophagic activities may require syn-
thesis of core autophagy components that would otherwise be
consumed. We analyzed the kidney for the expression of
mRNA and proteins levels of Atg proteins that are known to be
FoxO3 targets (8). As shown in Fig. 6, there was a trend of
increases in levels of Ulkl, Beclin-1, Atg9a, Atgdb, and Bnip3
mRNAs in both FoxO3™'" and FoxO3~'~ mouse kidneys with
a longer duration of obstruction. However, these mRNAs were
at significantly higher levels in FoxO3"'* compared with
FoxO3~'~ mouse kidneys at 7 days post-UUO. The higher lev-
els of mRNAs were accompanied by higher levels of proteins
(Fig. 7A), suggesting transcriptional activation of Atg proteins
by FoxO3. Immunostaining of a key autophagic core protein,
Atg9, using a commercially available antibody confirmed the
increase in the expression of Atg9 in tubules where abundant
autophagic cells were present (Fig. 7B). Thus, results support
the role of FoxO3 in increasing Atg protein expression in con-
ditions where prolonged stress response occurs.
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Discussion

In this study, we show that persistent obstructive injury and
hypoxia to renal tubules activates the FoxO3 transcription fac-
tor to regulate epithelial autophagy. Due to continuous fluid
and electrolyte transport activities, kidney tubules, especially
proximal tubular cells, are highly dependent on O, and nutri-
ents to produce ATP to meet metabolic requirements. Epithe-
lial cells can accumulate reactive oxygen species over time as
hypoxia and incomplete reduction of O, in the mitochondria
generate reactive oxygen species, which in turn causes further
damage to the mitochondria and affects energy production.
Autophagy is subsequently activated for energy reutilization by
degrading unwanted or nonessential cellular constituents and
removing damaged and dysfunctional organelles. In the kidneys
following acute ischemia-reperfusion injury, autophagy has
been shown to protect kidneys (1, 3, 22). In a chronic kidney
disease model created by subtotal nephrectomy, autophagy is
also induced for presumed cell survival under hypoxic condi-
tions (23). We have previously shown that high numbers of
autophagic vesicles co-exist in cells located in atrophic tubules
following UUO (7). Because autophagy reflects cell stress, sus-
tained autophagy following UUO certainly represents the cell’s
ability to respond to prolonged stress under this experimental
condition. Whether epithelial autophagy contributes to tubular
atrophy and interstitial fibrosis or exerts a beneficial effect to
reduce renal fibrosis remains controversial (24, 25).

At the present time, mechanisms linking hypoxia to FoxO3
activation in the kidney are not fully understood. In an in vitro
reconstitution system and a breast cancer cell line, prolyl
hydroxylase 1 (PHD1 or EgIN2) has been shown to hydroxylate
FoxO3 leading to its degradation via the ubiquitin proteasomal
system. Hypoxia limits FoxO3 hydroxylation thereby increas-
ing its protein abundance, which has been shown to be Hif-inde-
pendent in cancer cells (13). Here, we demonstrated significant
proximal tubular hypoxia with a concurrent increase in nuclear
FoxO3 following UUO. Furthermore, exposing cells to hypoxia
for 30 min increased FoxO3 protein levels and induced
autophagy, suggesting that hypoxia is an upstream activator for
FoxO3, likely through a post-translational process. On the
other hand, FoxO3a has also been shown to be a transcriptional
target of Hifl in some cancer cells (19, 20). We treated primary
cultures of renal epithelial cells grown in normal oxygen ten-
sion with the prolyl hydroxylase inhibitor DMOG to mimic a
hypoxic condition that stabilized Hifl. We detected increased
abundance of FoxO3 protein over untreated cells, suggesting
that FoxO3 could be a direct substrate for prolyl hydroxylase
and/or regulated by a Hifl-dependent mechanism. Future
studies utilizing cells and animals with Hif1a or FoxO3 deletion
will help with in-depth understanding of FoxO3 regulation in
kidneys with hypoxia that has been shown to be a common
mediator for acute and chronic kidney disease.

In FoxO3 null mouse kidneys, we detected a 30% reduction in
the number of autophagic cells defined by the presence of 3 or
more RFP dots at 7 days post-UUO. Interestingly, there is a
large variation in the total number of RFP dots in individual
cells (ranging from 3 to more than 50). Autophagic cells in
FoxO3 null mice demonstrate a shift toward fewer dots, which
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Figure 7. FoxO3a activation maintains Atg proteins following prolonged obstruction. A, FoxO3 wild-type mouse kidneys exhibits significantly higher
levels of Atg proteins following obstruction for 7 days. Gapdh was used as a loading control. B, increased expression of Atg9 (green) in tubular cells that contain
abundant RFP dots (arrows) in CREL;FoxO3™/* mouse kidneys 7 days post-UUO. Nuclei were counterstained with DAPI (blue). Scale bar, 20 um.

may explain a 58% reduction in the ratio of LC3-1II/I proteins
that incorporate into the membrane of each autophagic vesicle.
Deletion of FoxO3 did not completely abolish the autophagic
response in renal epithelial cells, suggesting that other path-
ways may regulate renal autophagy. Given the overlapping
functions and their expression in the kidney, it is possible that
FoxO1 and FoxO4 of the FoxO family could play a role. Future
studies using individual and combined deletion of FoxO mem-
bers in renal tubules will provide further answers to the relative
contributions of specific FoxOs to tubular autophagy. It is also
likely that FoxO-independent signaling may be involved.
Hypoxia alters a myriad of biochemical reactions. pVHL/PHD/
HIF is the best-characterized oxygen-sensing system to date
(26, 27). Hypoxia stabilizes HIFs resulting in integrative
adaptation including autophagic clearance of mitochondria
during reticulocyte maturation and mouse embryonic fibro-
blast response to hypoxia (28, 29). Mammalian cells sense
reduced cellular ATP by activating AMP-activated protein
kinase that phosphorylates and activates the tuberous sclerosis
complex 1/2 (TSC1/2) to inhibit mTOR. This well studied
mechanism through down-regulation of mTOR could very
likely contribute to autophagy stimulation under energy depri-
vation as well (30).

FoxO3 activity is mainly regulated at the post-translational
level by phosphorylation, ubiquitination, glycosylation, acety-
lation/deacetylation, and methylation of the protein (21). The
phosphorylation status at various serine and threonine residues
of the protein determines its cytoplasmic or nuclear localiza-
tion to affect transcriptional activation of its target genes. Insu-
lin, growth factors, and nutrient abundance stimulate Akt to
phosphorylate three serine and threonine residues resulting in
the shuttling of FoxO3 from the nucleus to the cytoplasm where
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it can be degraded (12, 14, 31). Conversely, when the three
phosphorylation sites were mutated (AFoxO3), the protein was
restricted to the nuclei of primary cultures of renal epithelial
cells resulting in profound autophagy, supporting the conclu-
sion that expression of nuclear FoxO3 in proximal tubules can
induce autophagy likely through transcriptional activation of
proteins involved in autophagic regulation or the autophagic
process.

In agreement with findings that FoxO3 induces the ex-
pression of multiple core autophagic components (32), we
demonstrated that higher Atg protein levels are evident in
the obstructed kidneys of FoxO3 wild-type mice. Deletion of
FoxO3 resulted in a blunted autophagic response, character-
ized by lower levels of the Atg proteins that are essential for
autophagic vesicle initiation, nucleation, and elongation. In pri-
mary cultures subjected to nutrient deprivation and treatment
with inhibitors to autophagosome-lysosomal fusion or lysoso-
somal clearance, we demonstrated that deletion of FoxO3
resulted in reduced autophagic capacity without significant
effects on lysosomal fusion or clearance. FoxO3 was able to
effectively induce more autophagosome formation during the
30 min of experimental conditions. Our results are consistent
with the fact that rapid and transient autophagic responses
require modification and assembly of autophagy-related pro-
teins (Atg). In contrast, a long-term autophagic response may
involve transcriptional regulation and synthesis of Atg proteins
that could otherwise be consumed during autophagic digestion.

In summary, we identified FoxO3 as an upstream regulator
for epithelial autophagy in the hypoxic proximal tubules
injured by urinary tract obstruction. Future studies in delineat-
ing hypoxia-induced biochemical events leading to FoxO3 acti-
vation will pave the way to our long-term goal of understanding
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the potentially complex molecular network regulating renal
tubular stress, survival, and repair.

Materials and methods
Unilateral ureteral obstruction

FoxO3%'" or FoxO3~'~ (obtained from Dr. Ron DiPinho,
University of Texas MD Anderson Cancer Center), CAG-RFP-
GFP-LC3 (CREL), CREL;FoxO3™'*, or CREL;FoxO3 '~ mice at
6—8 weeks of age were used for UUO as previously described
(33). Briefly, the mice were anesthetized with isoflurane, and
the left ureter was obstructed by a two-point ligation with silk.
The kidneys were harvested at 3 and 7 days following UUO.
Sham-operated control mice underwent an identical procedure
excluding the ligation of the ureter. For immunostaining, the
mice were perfused with 30 ml of PBS followed by 15 ml of 4%
PFA via the left ventricle. Kidneys were fixed further in 4% PFA
for 4 h, then with 30% sucrose overnight and embedded in
OCT. Tissue cryosections at 6 um thickness were used. All
experiments involving animals were performed with the
approval of the Institutional Animal Care and Research Advi-
sory Committee at Columbia University Medical Center.

Immunostaining and image analysis

Immunostaining was performed using established methods
and conducted in duplicates (34). The following primary anti-
bodies were used: FoxO3 (75D8) (Cell Signaling Technology,
2497, 1:50), Kim1l (R&D Systems, AF1817, 1:800), Atg9a
(Abcam, ab124739, 1:1000), and Lampl (Abcam, ab24871,
1:100). Secondary antibodies included Alexa Fluor 488-conju-
gated goat anti-rabbit, goat anti-rat, or donkey anti-goat IgG,
or donkey anti-goat IgG and Alexa Fluor 594-conjugated
goat anti-rabbit IgG (Molecular Probes, A-11070, A-11006,
A-21206A-11036, 1:200). Proximal tubules were stained using
biotinylated lectin Lotus tetragonolobus agglutinin (LTA, Vec-
tor, B-1325, 1:800), which was detected with fluorochrome-
conjugated streptavidin (DyLight 649 Streptavidin, Vector,
SA-5649, 1:100). Fluorescein-conjugated LTA was also used to
stain proximal tubules (FITC-LTA; FL-1321, Vector, 1:800).
Collecting ducts were stained using the fluorescein-conjugated
lectin DBA (Vector, FL-1031, 1:800). Tissue sections were fixed
with 4% PFA in PBS for 4 h, permeabilized with 0.1% Triton
X-100 in PBS for 30 min, then blocked with 10% goat serum and
0.5% bovine serum albumin (BSA) in PBS. Sections for FoxO3
staining were alternatively blocked with 5% goat serum and
0.3% Triton X-100 in PBS. Incubations with primary antibodies
were carried out at 4 °C overnight. After washing, the sections
were further incubated for 1 h at room temperature with the
appropriate secondary antibodies. Nuclei were counterstained
with DAPI (Vector, H-1200). Sections were visualized with a
Zeiss AxioObserver.Z1 inverted fluorescence microscope, pho-
tographed with a digital camera, and analyzed with Axiovision
software. For quantification of peritubular microvascular den-
sity, tissue sections were immunostained with endomucin
(Santa Cruz, SC-65495, 1:200) and photographed at a magnifi-
cation of X200. 10 images per kidney were taken randomly in
the cortical region. Images were analyzed using Adobe Photo-
shop CS5.1 by applying an arbitrary common threshold to all
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images, inverting the images, and determining total area frac-
tion as described (35, 36).

For detection of renal hypoxia, mice received an intraperito-
neal injection of Hypoxyprobe™ (pimonidazole hydrochlo-
ride, Hypoxyprobe, Inc., HP3-100 Kit) at 60 mg/kg 90 min
prior to kidney harvesting. Kidneys were fixed with 4% PFA and
processed as cryosections. Pimonidazole hydrochloride formed
protein adducts in cells with a pO, < 10 mm Hg (1.4% O,) and
tissue incorporation of pimonidazole was assessed with immu-
nohistochemistry using anti-pimonidazole antisera (Hypoxy-
probe, Inc., Pab2627, 1:100) as described (37).

Immunoblot analysis

Kidneys were snap-frozen in liquid nitrogen for protein iso-
lation. Preparations of cellular extracts and immunoblot anal-
yses were performed as previously described (7). Briefly, 2%
SDS (62.5 mm Tris-HCI, pH 6.8, 10% glycerol, 2% SDS) or RIPA
buffer (Thermo Scientific, 89900) were used for protein extrac-
tion from kidneys of primary cultured renal epithelial cells,
respectively, in conjunction with protease inhibitor mixtures
(Thermo Scientific, 78430), phosphatase inhibitors (Thermo
Scientific, 1862495), and DNase I (Thermo Scientific, 90083,
1:50). Immunoblots were probed with antibodies to FoxO3
(75D8) (Cell Signaling, 2497, 1:1000), LC3 (Novus Biologicals,
NB100-2220, 1:1000), Ulkl (Abcam, ab128859, 1:500), Atg4b
(Abcam, ab154843, 1:500), Atg9a (Abcam, ab124739, 1:1000),
Beclin-1 (Santa Cruz, SC11427, 1:1000), Bnip3 (Abcam,
ab10433, 1:800), and Hifla (R&D, AF1935, 1:1000) and fol-
lowed by further incubation with the appropriate secondary
antibodies conjugated with horseradish peroxidase (HRP, Life
Technologies, G21234, 1:5000) and detected by chemilumines-
cence (Thermo Scientific, 34076). Gapdh (Santa Cruz, SC-
25778, 1:1000) was used as a loading control. Levels of protein
expression were quantified by NIH Image J 1.47 software.

Renal epithelial cell culture and analysis of autophagic
capacity and flux

Kidneys were collected from 3-week-old female mice and
cells were isolated using established methods (38). Briefly, kid-
neys were cut into 1 mm? pieces and digested with 0.02% colla-
genase (Sigma, C5138-100MG) in serum-free culture medium
at 37 °C for 10-15 min. Cells were plated onto chamber slides
or 10-cm culture dishes in DMEM/F-12 medium (Life Tech-
nologies, 12500-062) supplemented with 0.5% of ITS (insulin-
transferrin-sodium selenite, Sigma, 1-2521), 2 X 10~° m 3,3,5-
triiodo-L-thyronine sodium salt (Sigma, T-5516), and 2%
BenchMark™ FBS (Gemini Bio-Product, 100-106, lot A96BO1A).
This medium has been shown to favor the growth of renal tubu-
lar epithelial cells (39). The medium was changed 24 h after the
initial plating. For adenovirus infection, cells growing at 70%
confluence were infected with Ad-CMV-FOXO3 (AAA)
(AFoxO3, Vector Biolabs, 1025) in the above epithelial culture
medium at a ratio of 10 viruses per cell for 48 h. In AFoxO3, the
three phosphorylation sites at Thr-32, Ser-253, and Ser-315
were replaced by alanine, thus retaining FoxO3 in the nucleus
in a constitutively activated form. Cells infected with Ad-CMV-
GFP (Vector Biolabs, 1060) were used as controls. After 48 h of
infection, cells were starved with glucose- and amino acid-free
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EBSS (Sigma, E2888) or incubated with epithelial culture
medium for 30 min before analyses. To study the level of
autophagy, primary cultures of renal tubular epithelial cells
from FoxO3"'* and FoxO3~’~ mice were incubated in EBSS
for 10, 20, and 30 min prior to immunoblot analysis of LC3.
Cells under nutrient abundant conditions were used as con-
trols. To create a hypoxic culture condition, cells were exposed
to 1% O, in the hypoxic chamber (Biospherix Ltd., C21) for 0
min to 4 h before analyses. To create a pseudo-hypoxic condi-
tion, cells grown in normoxia conditions were pretreated with
the prolyl-hydroxylase inhibitor DMOG (1 mwm) (Sigma,
D3695-50MQ) or vehicle for 2 h before exposure to normaxic
or 1% oxygen conditions for 30 min. Media used for the hypoxic
study were equilibrated in the 1% O, atmosphere overnight
before use.

Autophagic capacity and flux were analyzed in cells grown on
chamber slides (Lab-Tek, 154461). Cells were pre-treated with
autophagic inhibitors for 1 h in epithelial culture medium prior
to further treatment with autophagic inhibitors under starva-
tion with EBSS for 30 min. The autophagy inhibitors used were
chloroquine diphosphate salt (40 mg/ml, Sigma, C6628), vin-
blastine sulfate salt (50 uMm, Sigma, V1377), bafilomycin A1 (100
nyM, Sigma, B1793), and a combination of E64d (10 pg/ml,
Sigma, E8640) and pepstatin A (10 pg/ml, Sigma, P5318). Cells
were then fixed with cold 4% PFA (Affymetrix, 19943 1LT) for
10 min, dehydrated with gradient ethanol, and kept at —20 °C.
To quantify the number of autophagic dots per cell, images at a
magnification of X630 were randomly selected and at least 10
cells were counted in each condition.

Real-time RT-PCR analysis

Total RNA was isolated from % kidney tissue using 1 ml of
TRIzol reagent (Life Technologies 15596-026). RNA concen-
tration and integrity were measured with a Epoch™ micro-
plate spectrophotometer. DNA was eliminated from 1 ug of
RNA with deoxyribonuclease I (DNase I, Invitrogen, 18068-
015). Post-DNase I digestion, 1 ug of RNA was applied for
reverse transcription with iScript™ ¢DNA Synthesis Kit (Bio-
Rad, 1708890). Each time, 100 ng of cDNA and 500 nm primers
were used for real-time PCR in a 10-ul reaction mixture with iQ
SYBR Green Supermix (Bio-Rad, 170-8880) using a Bio-Rad™
CFX96TM Real-Time PCR System. Primers were designed
with Integrated DNA Technologies Primer Quest Tool. The
sequence of each primer is as follows: Ulkl, forward: 5'-
GGTGTGGGTGAAGAATAAC-3" and reverse: 5'-AGG-
CTGGGAAGGTATTAG-3'; Becnl, forward: 5'-CAGG-
AGAGGAGCCATTTA-3" and reverse: 5'-CCGATCAGAGT-
GAAGCTA-3’; Atg9a, forward: 5'-CCCAGTATCCCTCAC
TTAC-3" and reverse: 5'-GCTAGGGTGAGTCCATTAT-3';
Atgdb, forward: 5'-CTTCCTCCATGTTCTTTCTC-3' and
reverse: 5'-GAGCTACCTGCTGTCTAA-3'; Bnip3, forward:
5'-CAGCCTCCGTCTCTATTT-3" and reverse: 5'-TTC-
AGCTCTGTTGGTATCT-3'; 18s rRNA forward: 5'-GTA-
ACCCGTTGAACCCCATT-3" and reverse: 5'-CCATC-
CAATCGGTAGTAGCG-3'. 18s rRNA was used as controls.
The expression of each specific gene relative to 18s rRNA
was calculated using the Pfaffl method (40).
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Quantification and statistical analysis

To quantify autophagic signals in renal tubules, images at
X400 magnification were randomly selected and at least 500
cells were counted in each experiment. Cells that contained
three or more RFP or EGFP puncta were counted as autophagic
cells. To compare the autophagic capacity in renal epithelial
cells of CREL;FoxO3"'* and CREL;FoxO3 '~ mice, images at
X630 magnification were randomly selected in Kim1™ tubules
and at least 100 cells were counted in each experiment.
Autophagic cells were further divided into 8 subgroups that
contained 3-5, 6-10, 11-15, 1620, 21-30, 31-40, 41-50, or
>50 RFP dots per cell. Each immunostaining was conducted in
duplicate sections. The number of animals used are indicated in
each experiment. Data were presented as mean * S.E. A
Student’s ¢ test was used to determine statistical significance
between the two groups. A two-tailed p value of <0.05 was
considered to be statistically significant.
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for the study. L. F. conceived and guided the study and wrote the
paper. All authors reviewed the results and approved the manuscript.
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