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ABSTRACT

Autophagy is a bulk protein degradation system that likely plays an important role in normal

proximal tubule function and recovery from acute ischemic kidney injury. Using conditional Atg5

gene deletion to eliminate autophagy in the proximal tubule, we determined whether autophagy

prevents accumulation of damaged proteins and organelles with aging and ischemic renal injury.

Autophagy-deficient cells accumulated deformed mitochondria and cytoplasmic inclusions, leading

to cellular hypertrophy and eventual degeneration not observed in wildtype controls. In autophagy-

deficient mice, I/R injury increased proximal tubule cell apoptosis with accumulation of p62 and

ubiquitin positive cytoplasmic inclusions. Compared with control animals, autophagy-deficient mice

exhibited significantly greater elevations in serum urea nitrogen and creatinine. These data suggest

that autophagy maintains proximal tubule cell homeostasis and protects against ischemic injury.

Enhancing autophagy may provide a novel therapeutic approach to minimize acute kidney injury and

slow CKD progression.
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Macroautophagy (hereafter referred to as au-

tophagy) is a highly conserved bulk protein degra-

dation pathway in eukaryotes.1,2 In the initial step

of this process, parts of the cytoplasm and cellular

organelles are engulfed within a double membrane

vesicle called an autophagosome. This autophago-

some fuses with lysosomes, resulting in the degra-

dation of the sequestered materials by various lyso-

somal hydrolytic enzymes. Degradation is followed

by the generation of amino acids that are recycled

for macromolecular synthesis and energy produc-

tion. Autophagy that occurs at low basal levels

performs cellular homeostatic functions such as

protein and organelle turnover.1,2 Autophagy is

upregulated when cells are preparing to undergo

structural remodeling such as during develop-

mental transitions or when cells wish to rid them-

selves of damaging cytoplasmic components.3,4

This latter step is called autophagic flux.

Thus, autophagy not only plays the principal

role in the supply of nutrients for cell survival but

also plays a constitutive role in cellular homeo-

stasis. Emerging evidence emphasizes the impor-
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tance of autophagy in various biologic and pathologic pro-

cesses. Recent genetic studies using tissue-specific autophagy-

deficient mice have highlighted the importance of a basal level of

autophagy in hepatocytes and neurons5–7 and of both a basal

level of autophagy and of autophagic flux in cardiomyo-

cytes.8,9

Kidney demands high blood flow in relation to its weight,

and this bulk supply is directed to the cortex,10 where the

proximal tubules consume a large amount of energy in the

process of electrolyte reabsorption.11 These tubules contain

large quantities of mitochondria, which provide the energy

for this reabsorption. Proximal tubules also contain large

quantities of endoplasmic reticulum and ribosomes. The

lysosomal system plays an important role in the reabsorp-

tion and degradation of albumin and low-molecular-weight

plasma proteins from the glomerular filtrate.12,13 Because

proximal tubules are potentially energy wasting and work to

degrade proteins, autophagy may play an important role in

the physiology of proximal tubules. Moreover, kidney prox-

imal tubules are susceptible to many kinds of insults such as

ischemia-reperfusion (I/R) injury and nephrotoxic sub-

strates. An important role of autophagy in proximal tubules

is, therefore, suggested. The role of autophagy in kidney

tubules has been shown in recent studies (normal and trans-

planted human kidney, cystinoic cells, and in vitro and in

vivo models using autophagy inhibitors).14 –19 These studies

suggested possible roles of autophagy in kidney tubules;

however, to assess the role of autophagy directly, analysis of

tissue-specific autophagy-deficient mice is necessary.20,21

In this study, we analyzed the role of autophagy in the kid-

ney proximal tubules using proximal tubule-specific au-

tophagy-deficient mice.

RESULTS

Ablation of the Atg5 Gene in Proximal Tubular

Epithelial Cells

To determine the basal function of autophagy in adult

mouse proximal tubules of kidneys, we generated kidney

proximal tubule-specific Atg5-deficient mice. We first gen-

erated a transgenic mouse that expresses Cre recombinase

under the control of the promoter of the kidney androgen-

regulated protein (KAP) gene (Supplementary Figure 1A).

The KAP gene is normally expressed in the mouse fetal kid-

ney during late pregnancy, and Cre expression is considered

to occur during the development of kidney before birth.22

The KAP-Cre/CAG-CAT-Z male mice showed LacZ-posi-

tive tubules in the cortex and the outer medulla (Supple-

mentary Figure 1, C and D), whereas LacZ-positive tubules

were absent in female mice (Supplementary Figure 1B).

LacZ-positive tubules of both the outer stripe (Supplemen-

tary Figure 1E) and the medullary ray of the cortex (Supple-

mentary Figure 1F) possessed a periodic acid-Schiff (PAS)-

positive tall brush border, which is a characteristic trait of

proximal tubules. Specific expression of Cre recombinase in

the proximal tubule was thereby confirmed.

We crossed mice bearing an Atg5flox allele5 with KAP-Cre

transgenic mice. The resulting Atg5flox/flox; KAP-Cre� male

mice were indistinguishable in appearance from age-

matched control Atg5flox/flox; KAP-Cre� littermates. West-

ern blot analysis showed efficient knockdown of the Atg5

protein in Atg5flox/flox; KAP-Cre� mice (84.2 and 87.3% re-

duction in kidney cortex homogenates of 8-week-old mice

and in isolated kidney proximal tubular cells of 3-week-old

mice, respectively; Figure 1, A and B; Supplementary Figure

2). Consequently, conversion of microtubule-associated

protein 1 light chain 3 (LC3)-I to LC3-II (a phosphatidyle-

thanolamine conjugate)23,24 was suppressed, and p62/se-

questosome25 accumulated in kidney cortex homogenates

of 8-week-old mice and in isolated kidney proximal tubular

cells of 3-week-old mice (Figure 1, A and B; Supplementary

Figure 2).

Biologic Parameters in Proximal Tubule-Specific

Autophagy-Deficient Mice

We first examined kidney function in the proximal tubule-

specific autophagy-deficient mice. The kidney-to-body weight

ratio was slightly increased in 8-week-old Atg5flox/flox; KAP-

Cre� mice compared with control littermates (Supplementary

Table 1). All Atg5flox/flox; KAP-Cre� mice and their littermates

survived during the observational period (up to 9 months),

and we observed no deterioration of kidney function as as-

sessed by serum urea nitrogen and no increase in urinary albu-

min excretion in Atg5flox/flox; KAP-Cre� mice compared with

the littermates (8 weeks old; Supplementary Table 1; 9 months

old; Supplementary Table 2).

Atg5flox/flox; KAP-Cre� mice developed mild glycosuria at

the age of 6 months compared with control littermates,

whereas phosphaturia was not eminent (Figure 1C; Supple-

mentary Figure 2C). Urinary amino acid analysis of

6-month-old Atg5flox/flox; KAP-Cre� mice showed increased

excretion of most of amino acids, with significant increase

of excretion in threonine, tryptophan, valine, and alanine

(P � 0.05; Figure 1D).

Histologic Changes in Proximal Tubule-Specific

Autophagy-Deficient Mice

We then examined histologic changes in the autophagy-defi-

cient kidney (Figure 2). Proximal tubule-specific autophagy-

deficient mice showed few tubular changes at 3 weeks, but

exhibited slight hypertrophy of the tubular cells without inter-

stitial nephritis or fibrosis at 8 weeks (Figure 2A). Immuno-

staining of megalin, a marker of the proximal tubular brush

border, showed that the hypertrophied cells are proximal tu-

bular cells (Figure 2B). Accumulation of cytosolic amorphous

substrates became apparent at 6 months (Figure 2A), and

megalin-positive proximal tubular cells were filled with amor-

phous substrates at 9 months (Figure 2B). In addition, electron

microscopic analysis of 8-week-old proximal tubule-specific
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autophagy-deficient mice showed accumulation of numerous

crescent membranous structures in the tubular epithelial cells,

mainly adjacent to the mitochondria (Figure 2, C and D). Nu-

merous creascent membranous structures were also seen in

9-month-old proximal tubule-specific autophagy-deficient

mice, although their sizes were smaller (Figure 2, E and F). Of

note, accumulation of deformed mitochondria was exclusively

observed in autophagy-deficient mice (Figure 2G). Because

deficiency in basal autophagy has been reported to induce the

accumulation of protein aggregations in

other organs,5–7 we stained a kidney speci-

men from the Atg5flox/flox; KAP-Cre� mice

with anti-p62 and anti-ubiquitin antibod-

ies. The p62 protein is known to be selectively

degraded by autophagy, and ubiquitin is

known to accumulate within aggregates.

Massive accumulation of p62- and ubiquitin-

positive inclusions were observed in 9-month-

old Atg5flox/flox; KAP-Cre� mice, whereas

they were rarely seen in younger Atg5flox/flox;

KAP-Cre� mice (Figure 3A). Immunofluo-

rescence analysis showed that p62- and

ubiquitin-positive inclusions were almost

exclusively seen in the proximal tubules of

9-month-old Atg5flox/flox; KAP-Cre� mice

(Figure 3, B and C) and that p62 and ubiq-

uitin co-localized in these inclusion bodies

(Figure 3D).

Effect of Autophagy Deficiency under

Pathologic Conditions

We analyzed the role of autophagy in kid-

ney pathophysiology using a kidney I/R in-

jury model. We first examined the induc-

tion of autophagy after I/R injury using

green fluorescence protein (GFP)-LC3

transgenic mice.24 I/R injury induced sig-

nificant increase in the number of LC3 dots

in a time-dependent manner, with its peak

of 24 hours after I/R injury, whereas GFP-

LC3 dots were rarely seen in sham-oper-

ated mice (Figure 4A; Supplementary Figure

3). GFP-LC3 dots were mainly localized in

damaged proximal tubules as assessed by co-

immunostaining with Lotus tetragonolobus

lectin, a marker of proximal tubules (Fig-

ure 4A). Increased GFP-LC3 dots were ac-

companied by elevated cytoplasmic and

nuclear LC3 signals (significance of nuclear

LC3 signals is unknown21; Figure 4A). LC3

also co-localized with p62 and ubiquitin

(Figure 4, B and C).

We next exposed the Atg5flox/flox; KAP-

Cre� mice to I/R injury. Western blot anal-

ysis showed that the conversion of LC3-I to

LC3-II was suppressed in the kidney cortexes of Atg5flox/flox;

KAP-Cre� mice compared with the corresponding controls

after I/R injury (Supplementary Figure 4), indicating that au-

tophagy was suppressed in Atg5flox/flox; KAP-Cre� mice under

this condition. We observed severely injured tubules with mas-

sive tubular sediments and vacuolation in the kidney cortex of

I/R-injured Atg5flox/flox; KAP-Cre� mice in comparison to I/R-

injured control littermates (Figure 5A). The tubular injury

score of the Atg5flox/flox; KAP-Cre� mice was significantly in-

Figure 1. Physiologic changes in proximal tubule-specific autophagy-deficient mice.
(A and B) Western blot analysis confirmed Atg5 deficiency, suppression of the conver-
sion of LC3-I to LC3-II, and accumulation of p62 in (A) kidney cortexes of 8-week-old
Atg5flox/flox; KAP-Cre� (F/F; KAP) mice (n � 5) and in (B) lysates of isolated proximal
tubular cells of 3-week-old Atg5flox/flox; KAP-Cre� mice (n � 3 to 4). A representative
immunoblot is shown. The graph shows the ratios of band intensities of Atg5-Atg12,
LC3-II, and p62 to those of actin, standardized to the mean of the control. Megalin was
blotted as a marker of the proximal tubular cells. (C) Glycosiuria was observed in
6-month-old Atg5flox/flox; KAP-Cre� mice (n � 5 to 6). (D) Mild amino aciduria was
observed in 6-month-old Atg5flox/flox; KAP-Cre� mice (n � 5 to 6). Cysteine and serine
were not detected. Data are presented as means � SD. *P � 0.05 versus Atg5flox/flox;
KAP-Cre� mice of same age.
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creased compared with that of controls (Figure 5A). Bilateral

I/R injury caused significant increase of serum urea nitrogen

and creatinine in Atg5flox/flox; KAP-Cre� mice compared with

I/R-injured control littermates (Figure 5B). The number of ap-

optotic, Terminal deoxynucleotidyl trans-

ferase-mediated deoxyuridine triphosphate

nick end-labeling-positive tubular cells in-

creased in Atg5flox/flox; KAP-Cre� mice after

I/R injury (Figure 5C).

Immunohistologic analysis indicated a

massive accumulation of ubiquitin-posi-

tive and p62-positive large dots in the kid-

ney tubular cells of Atg5flox/flox; KAP-Cre�

mice after I/R injury compared with sham-

operated Atg5flox/flox; KAP-Cre� mice or of

I/R-injured Atg5flox/flox; KAP-Cre� mice

(Figure 6). Immunofluorescence analysis

confirmed that these p62- and ubiquitin-

positive large dots were co-localized in the

megalin-labeled proximal tubular cells

(Figure 7, A–C). These dots were not seen

in other part of the tubules (distal tubules

[Supplementary Figure 5A] or thick as-

cending limb of the loop of Henle [Sup-

plementary Figure 5B]). Collectively,

these results suggest there were massive

accumulations of inclusions that contain

both ubiquitin and p62 after I/R injury in

autophagy-deficient kidney proximal tu-

bules.

DISCUSSION

This study showed that autophagy has an

essential role in proximal tubular ho-

meostatic control both physiologically

and pathophysiologically. Proximal tu-

bule-specific autophagy-deficient mice

exhibited gradual and massive accumula-

tion of amorphous substrate and p62-

and ubiquitin-inclusions in the cytosol,

thereby resulting in hypertrophy of kid-

ney proximal tubules. I/R injury increased

autophagic flux as assessed by massive ac-

cumulation of LC3 dots in GFP-LC3 trans-

genic mice. The proximal tubule-specific

autophagy-deficient mice exhibited re-

markably more severe injury than controls

with rapid accumulation of p62- and ubiq-

uitin-positive inclusions in the proximal

tubules in response to I/R injury, showing

that autophagy plays a protective role against

I/R injury. These observations proved our hy-

pothesis that basal autophagy regulates tubu-

lar homeostasis against aging stress under physiologic conditions

and that autophagic flux protects tubules under pathologic con-

ditions (shown in Supplementary Figure 6).

The role of autophagy in tubular cells has been studied in in

Figure 2. Histologic changes in proximal tubule-specific autophagy-deficient mice.
(A) PAS-stained kidney cortex from 3-week-old, 8-week-old, 6-month-old, and
9-month-oldAtg5flox/flox; KAP-Cre� (left) and Atg5flox/flox; KAP-Cre� (right) mice (n � 4
to 5). Atg5flox/flox; KAP-Cre� mice exhibited slight hypertrophy of the tubular cells at 8
weeks and accumulation of cytosolic amorphous substrates at 6 months. Arrows
indicate tubular cells with cytosolic accumulation of amorphous substrates. Bars, 50
and 20 �m (insets). (B) Immunostaining of megalin, a marker of the proximal tubular
brush border, showed that the hypertrophied cells (8 weeks) and amorphous sub-
strates-accumulated cells (9 months) are proximal tubular cells in Atg5flox/flox; KAP-
Cre� mice (n � 5). Bar, 20 �m. (C–E) Atg5 deficiency causes accumulation of crescent-
like structures and deformed mitochondria. Electron micrographs of kidney proximal
tubules from Atg5flox/flox; KAP-Cre� (C and E) and Atg5flox/flox; KAP-Cre� (D, F, and G)
mice of 8 weeks (C and D) and 9 months (E through G) of age. The autophagy-deficient
proximal tubular cells showed accumulation of crescent-like structures in 8-week-old
(D) and 9-month-old (F) mice. (G) The autophagy-deficient proximal tubular cells of
9-month-old mice also contained deformed mitochondria. The figure is a representa-
tive of multiple experiments (n � 3). Bars, 2 �m (C–F) and 500 nm (insets of C–F and
G). Magnification, �400 (A), �1000 (insets of A and B), �2500 (C through F), and
�10,000 (insets of C–F and G).
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vitro and in vivo models.15–17 These studies

mainly used autophagy inhibitors (e.g.,

3-methyladenine) or gene knockdown to

modulate the activity of autophagy. Au-

tophagy inhibitors are known to inhibit not

only autophagy but also inhibit many other

degradative pathways (e.g., proteasome,

lysosomal function, mitochondrial func-

tion, or endocytosis).20,21,26 –28 The block-

age of proteasome, for example, may acti-

vate autophagy, leading to unexpected

results caused by the crosstalk among the

degradative systems. Functional knock-

down (e.g., with RNAi) is sometimes diffi-

cult to block autophagy completely.20,21,29

Therefore, gene deletion is the preferred

approach to determine the precise role of

autophagy both in physiologic and patho-

logic processes. Because systemic au-

tophagy-deficient mice die during the early

neonate period,30 tissue-specific gene de-

pletion has been conducted in several or-

gans.9,20,21 Here, we showed, for the first

time, that the basal and flux level of au-

tophagy plays a prerequisite role in proxi-

mal tubular cells using tissue-specific au-

tophagy-deficient mice.

Thus far, the basal level of autophagy in

proximal tubules has been underestimated

based on the following observations of

GFP-LC3 transgenic mice: (1) GFP-LC3–

positive autophagosomes were rarely ob-

served in steady state of tubular epithelial

cells and (2) starvation induces only a slight

increase in the number of GFP-LC3 dots in

the tubules.24 However, our data clearly

showed that the basal level of autophagy

plays a critical role in the homeostasis of

proximal tubular cells using conditional

autophagy-deficient mice.

First, it is noteworthy that defective au-

tophagy resulted in the accumulation of

deformed mitochondria in the kidney

proximal tubules (Figure 2G). Similar ob-

servations have been reported in other tis-

sue-specific autophagy-deficient cells, in-

cluding liver and heart.6,8 The proximal

tubules mainly depend their energy supply

on aerobic metabolism and are therefore

Figure 3. Atg5 deficiency causes accumulation of p62- and ubiquitin-positive inclu-
sions in the kidney cortex tubular cells of 9-month-old mice. (A) Immunohistologic
analysis of Atg5flox/flox; KAP-Cre� and Atg5flox/flox; KAP-Cre� mice kidney cortexes
from 8-week-old and 9-month-old mice. Kidney tubular cells of 8-week-old mice
showed little staining of p62 (left) or ubiquitin (right), whereas those of 9-month-old
mice showed massive accumulation of p62- and ubiquitin -positive inclusions in
Atg5flox/flox; KAP-Cre� mice. These inclusions were not obsereved in Atg5flox/flox;
KAP-Cre� mice. †P � 0.05 versus 8-week-old Atg5flox/flox; KAP-Cre� mice; #P � 0.05
versus 9-month-old Atg5flox/flox; KAP-Cre� mice. Data are presented as means � SD.
(B and C) Immunofluorescence analysis showed that marked accumulation of p62-
positive (B) and ubiquitin-positive (C) large dots was observed in autophagy-deficient
kidney proximal tubules of 9-month-old mice. Megalin was used as a marker of the
proximal tubules. DAPI staining was performed as a counterstaining. (D) p62 and
ubiquitin colocalized in the inclusions of autophagy-deficient kidney proximal tubules

of 9-month-old mice. The figure is represen-
tative of a multiple experiments (n � 5). Bars,
50 (A), 20 (insets of A), 10 (B and C), and 5�m
(D). Magnification, �400 (A), �1000 (Inlets),
�352 (B and C), and �1058 (D).
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extremely vulnerable to mitochondrial

damages.31 Damaged mitochondria gener-

ates intrinsic reactive oxygen species, which

accelerates the aging process.32,33 Recent

studies suggested that clearance of dam-

aged mitochondria is also an important

role for autophagy (mitophagy)34,35 and

that autophagy may counteract the aging

process through quality control of the mi-

tochondria. Our findings strongly suggest

that autophagy in kidney proximal tubules

contributes to cellular homeostasis by

eliminating damaged mitochondria, al-

though the precise mechanism remains to

be elucidated.

Second, electron microscopic analysis of

autophagy-deficient kidneys also showed

the accumulation of crescent membranous

structures adjacent to the mitochondria in

tubular epithelial cells. These structures

were prominent in 8-week-old mice but

obscured in 9-month-old mice, probably

because of the mass effect of inclusions.

Similar observations have been reported

in starved Atg5-deficient ES cells.36 We

assume that these structures are intermedi-

ate structures formed during the disorga-

nized autophagic process. It is of interest to

consider why these structures are mainly

observed adjacent to the mitochondria.

The damaged mitochondria may produce a

signal to initiate autophagy, resulting in

their own degradation. Alternatively, au-

tophagosomes can be formed from the

outer membrane of mitochondria,37 which

is consistent with our observation that the

large number of crescents exist along with

the deformed mitochondria in autophagy-

deficient tubular cell.

Third, old proximal tubular-specific au-

tophagy-deficient mice exhibited proximal

tubular dysfunction, e.g., increased excre-

tion of amino acid and glycosuria. These

dysfunctions were not so prominent, prob-

ably because KAP is expressed mainly in

restricted segments of proximal tubules,

and the poximal tubular function may be

compensated by the rest of the segments.

We selected ad libitum because dietary re-

striction may induce autophagy; however,

this method may have affected the results of

urinary analyses.

Fourth, the proximal tubule-specific au-

tophagy-deficient mice exhibited accumu-

lation of p62- and ubiquitin-positive inclu-

Figure 4. Formation of LC3 dots in kidney proximal tubules of LC3-GFP transgenic mice
in response to I/R injury. (A) The presence of LC3-positive dots in the proximal tubules of
the kidney of LC3-GFP transgenic mice was examined by immunofluorescence analysis
after a sham operation and after 3, 6, 12, 24, 36, and 48 hours after unilateral I/R injury. The
number of LC3 dots increased time-dependently after injury for up to 24 hours, after which
it decreased. Lotus tetragonolobus lectin (LTA) was used as a marker of proximal tubules,
and DAPI staining was performed as a counterstaining. (B and C) LC3 dots colocalized with
p62 (B) and ubiquitin dots (C) after I/R injury. Kidney tissues 12 hours after unilateral I/R
injury is shown. The figure is representative of a multiple experiments (n � 3 to 5). Bars, 10
(A) and 5 �m (B and C). Magnification, �352 (A), �1058 (B), and �1408 (C).
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sion bodies in a time-dependent manner. Nine-month-old

proximal tubule-specific autophagy-deficient mice showed a

massive amount of inclusion bodies, whereas inclusion bodies

were rarely seen in younger mice. Accumulation of inclusion bod-

ies caused by a defect in the basal level of au-

tophagy has been reported in neuron- and

liver-specific knockout mice.5–7 Neuron-

specific knockout mice developed neuro-

degeneration with accumulation of cyto-

plasmic inclusion bodies and died earlier

than controls.5,7 Liver-specific knockout

mice developed hepatomegaly and hepatic

cell swelling with accumulation of inclu-

sion bodies.6 The precise role of inclusion

bodies remain to be elucidated, but it is

quite possible that aggregated proteins are

known to cause cellular damage in several

ways such as by increasing oxidative stress

and endoplasmic reticulum stress and by

triggering apoptosis.38 – 40

We used an I/R injury model of the kid-

ney to determine the role of autophagic

flux in proximal tubule cells because post-

ischemic acute kidney injury is the most

important cause of acute kidney injury, and

proximal tubular cells are the main lesion

of this injury.41 For I/R injury, we used

8-week-old mice because we found only

minor difference between Atg5flox/flox;

KAP-Cre� mice and Atg5flox/flox mice at the

age of 8 weeks. We found that the proximal

tubule-specific autophagy-deficient mice

exhibited more severe injury than control

mice, with rapid accumulation of p62- and

ubiquitin-positive inclusion bodies in re-

sponse to I/R injury, showing that au-

tophagy plays a protective role against I/R

injury.

The potential mechanisms of renopro-

tection by autophagy in the I/R injury

model remains unknown. One possible

mechanism is that autophagy may elimi-

nate damaged mitochondria. I/R injury in-

duces fragmentation of the mitochondria,

which leads to mitochondrial outer mem-

brane permeabilization, the release of apo-

ptogenic factors, and consequent apopto-

sis.42,43 Moreover, mitochondrial activity

could cause excessive energy consumption

and could also become a source of intrinsic

ROS.32,33 Therefore, it is possible that fail-

ure to clear damaged mitochondria caused

by defective autophagy might lead to cell

death under ischemic conditions.

Another possibility is that autophagy

protects cells by avoiding accumulation of aggregate-prone

proteins that is generated in response to I/R injury. In line with

this discussion, the proximal tubule-specific autophagy-defi-

cient kidney showed rapid accumulation of p62- and ubiqui-

Figure 5. Marked injury in autophagy-deficient kidney cortex after I/R injury.
(A) Histologic analysis of Atg5flox/flox; KAP-Cre� (left) and Atg5flox/flox; KAP-Cre� (right)
kidneys 2 days after unilateral I/R injury (n � 5). PAS-stained kidney cortexes showed
that the tubules of Atg5flox/flox; KAP-Cre� mice were severely injured compared with
I/R-injured Atg5flox/flox mice. The tubular injury score of the Atg5flox/flox; KAP-Cre� mice
was significantly increased compared with that of controls. (B) Bilateral I/R injury caused
significant increase of serum urea nitrogen and creatinine in Atg5flox/flox; KAP-Cre�

mice compared with I/R-injured control littermates (n � 4 to 6). (C) Terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphosphate nick end-labeling staining
2 days after I/R injury showed increased number of apoptotic tubular cells in the cortex
of Atg5flox/flox; KAP-Cre� mice (n � 5). ‡P � 0.05 versus sham-operated Atg5flox/flox;
KAP-Cre� mice; §P � 0.05 versus I/R injury-operated Atg5flox/flox; KAP-Cre� mice. Data
are presented as means � SD. Bars: 100 (A) and 10 �m (C). The images are represen-
tatives of multiple experiments. Magnification, �200 (A) and �352 (C).
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tin-positive inclusion bodies. Degradation systems are func-

tionally coupled, and it is quite possible that, during certain

conditions, accumulation of ubiquitinated proteins might ex-

ceed capacity of proteasomal degradation, resulting in a

buildup of ubiquitinated proteins and formation of protein

aggregates.44 Therefore, functional elevation of autophagic

clearance activity by some reagent may

provide the therapeutic tool for I/R injury

of the kidney.

In conclusion, we showed that (1) a

basal level of autophagy plays a critical role

in kidney tubular homeostasis and (2) au-

tophagic flux plays a protective role against

disease of tubular epithelial cells under

pathologic conditions. Further under-

standing of the process of autophagy of the

kidney may provide a novel therapeutic ap-

proach to prevent chronic kidney disease

and acute kidney injury.

CONCISE METHODS

Generation of KAP-Cre Transgenic

Mice
A Cre cDNA fragment obtained from the pCre-

Pac plasmid (Kurabo)45 was combined with a

4.0-kb KAP promoter fragment and with the in-

tron and poly (A)� of the rabbit �-globin gene

(Supplementary Figure 1A). The resultant

transgene was injected into the pronuclei of fer-

tilized eggs, obtained from BDF1 � C57BL/6N

mating, to generate KAP-Cre mice. The KAP-

Cre mice were used after backcrossing with

C57BL/6N more than nine times.

Animals
Mice bearing an Atg5flox allele, in which exon 3

of the Atg5 gene is flanked by two loxP se-

quences, have been described previously.5

Genomic DNA isolated from mice bearing an

Atg5flox was subjected to PCR analysis. Progeny

containing the Atg5flox allele were bred with

the KAP-Cre transgenic mice to generate

Atg5flox/flox; KAP-Cre� mice. GFP-LC3 trans-

genic mice have been described previously.24

The mice were maintained individually and

allowed access to water and mouse chow ad

libitum. All animal experiments were ap-

proved by the institutional committee of the

Animal Research Committee of Osaka Uni-

versity and in accordance with the Guidelines

for Animal Experiments of Osaka University

and the Japanese Animal Protection and Man-

agement Law (No. 25).

Histologic Analysis
Mice were transcardially perfused with 4% paraformaldehyde in

phosphate buffer (pH 7.4). Tissues were postfixed and embedded in

paraffin or frozen in optimum cutting temperature compound (Tis-

sue Tek; Miles Laboratories). We performed PAS, hematoxylin and

Figure 6. Accumulation of p62- and ubiquitin-positive inclusions in the autophagy-defi-
cient kidney cortex after I/R injury. Immunohistologic analysis of Atg5flox/flox; KAP-Cre�

and Atg5flox/flox; KAP-Cre� kidneys 2 days after I/R injury. p62 (left) or ubiquitin (right)
staining of kidney cortexes showed massive accumulation of p62- and ubiquitin-
positive inclusions in Atg5flox/flox; KAP-Cre� kidneys after I/R injury. ‡P � 0.05 versus
sham-operated Atg5flox/flox; KAP-Cre� mice; §P � 0.05 versus I/R injury-operated
Atg5flox/flox; KAP-Cre� mice. Data are presented as means � SD. The figure is a
representative of multiple experiments (n � 5). Bars, 50 and 20 �m (insets). Magnifi-
cation, �400 and �1000 (insets).
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eosin, and Masson-Trichrome staining. Paraffin or frozen sections

were immunolabeled, and the immunofluorescence images were col-

lected using a Leica TCS SP5 (Leica Microsystems CMS, Mannheim,

Germany). Apoptotic cells were detected by Terminal deoxynucleoti-

dyl transferase-mediated deoxyuridine triphosphate nick end-label-

ing assay using an in situ apoptosis detection kit (Takara Bio, Tokyo,

Figure 7. Formation of p62- and ubiquitin-positive inclusions in autophagy-deficient kidney proximal tubules in response to I/R injury. (A and
B) Immunofluorescence analysis showed that marked accumulation of p62-positive large dots (A) and ubiquitin-positive dots (B) was observed
in autophagy-deficient kidney proximal tubules 2 days after I/R injury. (C) p62 and ubiquitin colocalized in the inclusions of autophagy-
deficient kidney proximal tubules 2 days after I/R injury. Megalin was stained as a marker of proximal tubules in A and B. The figure is a
representative of multiple experiments (n � 5). Bars, 10 (A and B) and 5 �m (C). Magnification, �352 (A and B) and �1058 (C).
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Japan). For electron microscopy, the kidneys were fixed with 2.5%

glutaraldehyde and observed using a Hitachi H-7650 transmission

electron microscope (Hitachi, Tokyo, Japan).

X-gal Staining
CAG-CAT-Z mice (a gift from Jun-ichi Miyazaki) expressing LacZ

after Cre-mediated recombination was described previously.47 CAG-

CAT-Z mice were bred with KAP-Cre transgenic mice to establish

double transgenic heterozygote mice. After death, kidneys were dis-

sected, embedded in optimum cutting temperature compound, and

frozen. Four-micrometer sections were fixed in 2% glutal aldehyde

for 10 minutes at 4°C and stained in X-gal solution (1 mg/ml X-gal, 5

mM potassium ferricyanide, and 5 mM potassium ferrocyanide in

PBS) overnight at 37°C. The section was fixed again with 4% parafor-

madlehyde for 10 minutes at 4°C and subjected to PAS staining.

Kidney I/R Injury Induction
Kidney ischemia was induced in male mice of 8 weeks. In brief, the

animals were anesthetized and were kept on a homeothermic table.

For unilateral clamping, back incisions were made to expose the kid-

ney pedicles to induce 40 minutes of kidney ischemia. For bilateral

clamping, front incisions were made, and 35 minutes of ischemia

was introduced to the kidneys. The clamps were released for rep-

erfusion for the indicated times. Control animals were subjected to

sham operation without renal pedicle clamping. Kidney tubular

cells of the cortex were examined by two nephrologists in a blind

manner and were scored according to the percentage of damaged

tubules: 0, no damage; 1, �25% damage; 2, 25 to 50% damage; 3,

50 to 75% damage, 4, 75 to 90% damage; and 5, �90% damage.

Tubular damage was defined as cell necrosis, which was evaluated

in this study by loss of brush border, tubular dilation, and cast

formation. At least 15 to 20 fields (�400) were reviewed for each

PAS-stained slide.

Isolation and Characterization of Mouse Kidney

Proximal Tubule Cells
We isolated kidney proximal tubule cells from 3-week-old male mice

as described below. After anesthetization, the kidneys were immedi-

ately removed and placed in cold (4°C) phosphate buffer. The renal

capsule was removed, and the kidney was sagittally cut into two

halves. The medulla was dissected and discarded from each half. The

remaining cortical tissue was minced and transferred to 10 ml HBSS

containing Collagenase Type II (Life Technologies, Grand Island, NY;

200 units/ml) and hyaluronidase (Wako Pure Chemical Industries,

Osaka, Japan; 0.2%). Tubules were incubated at 37°C while rotating

for 2 hours. After digestion, the tubule suspension was centrifuged at

150 � g. Selection of proximal tubules was performed using the CEL-

Lection Biotin Binder Kit (Invitrogen, Carlsbad, CA) according to the

manufacturer’s instructions and the biotinylated Lotus tetragonolobus

agglutinin lectin (Vector Laboratories, Burlingame, CA). Tubules

were combined and resuspended in medium that consisted of

DMEM/F-12 culture media (Invitrogen) containing FCS (Life Tech-

nologies, 10%), insulin (Invitrogen, 5 �g/ml), transferrin (Sigma-

Aldrich, St. Louis, MO; 5 �g/ml), selenite (Sigma-Aldrich, 5 ng/ml),

dexamethasone (Sigma-Aldrich, 1 �mol/L), triiodothyronine (Sigma-

Aldrich, 1 nmol/L), recombinant human EGF (Sigma-Aldrich, 0.01 mg/

ml), and a 1% antibiotic/antimycotic solution (Sigma-Aldrich, 10,000

units/ml penicillin, 0.1 mg/ml streptomycin, and 0.25 mg/ml ampho-

tericin B). Quality of isolated proximal tubules was confirmed by

Western blot using rabbit megalin polyclonal antibody (a gift from

Dr. T. Michigami).

Antibodies
We used the following antibodies: antibodies for guinea pig p62-spe-

cific (C-terminal–specific) polyclonal antibody (Progen, Heidelberg,

Germany), mouse ubiquitin–specific monoclonal antibody (Cell Sig-

naling Technology, Danvers, MA), mouse �-actin–specific monoclo-

nal antibody (Sigma-Aldrich), Atg5-specific antibody (MBL, Tokyo,

Japan), GFP-specific antibody (Roche, Mannheim, Germany), horse-

radish peroxidase– conjugated anti-rat antibody (DAKO, Glostrup,

Denmark), biotinylated secondary antibodies (Vector Laboratories),

and Alexa555- and Alexa488-conjugated secondary antibodies (Mo-

lecular Probes, Carlsbad, CA).

Biochemical Parameters
Serum urea nitrogen was measured using the Urea-nitrogen-Test-

Wako (Wako). Urinary albumin, glucose, and inorganic phosphate

were measured using the Albuwell M kit (Exocell, Philadelphia, PA),

Glucose CII-Test-Wako (Wako), and intraperitoneally-HA-Test-

Wako (Wako). Urinary amino acids were measured by capillary elec-

trophoresis time-of-flight mass spectrometry as described previ-

ously.48,49 Urinary markers were adjusted by urinary creatinine,

which was measured using the CRE-EN Kainos (Kainos, Tokyo, Ja-

pan).

Western Blot Analysis
Isolated tissues were lysed in cell lysis buffer (Cell Signaling Technol-

ogy) and a protease inhibitor cocktail, Complete Mini (Roche). Each

sample was subject to immunoblot analysis as described previously.50

Statistical Analysis
All results are presented as means � SD. Statistical significance among

multiple experimental values was evaluated using ANOVA, followed

by the Scheffe’s procedure. The difference between two experimental

values was assessed by a nonpaired t test. Statistical significance was

defined as P � 0.05.
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