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Tubular p53 Regulates Multiple Genes to Mediate AKI
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ABSTRACT
A pathogenic role of p53 in AKI was suggested a decade ago but remains controversial. Indeed, recent
work indicates that inhibition of p53 protects against ischemic AKI in rats but exacerbates AKI inmice. One
intriguing possibility is that p53 has cell type-specific roles in AKI. To determine the role of tubular p53, we
generated two conditional gene knockout mouse models, in which p53 is specifically ablated from
proximal tubules or other tubular segments, including distal tubules, loops of Henle, and medullary
collecting ducts. Proximal tubule p53 knockout (PT-p53-KO) mice were resistant to ischemic and cisplatin
nephrotoxic AKI, which was indicated by the analysis of renal function, histology, apoptosis, and
inflammation. However, other tubular p53 knockout (OT-p53-KO) mice were sensitive to AKI. Mechanis-
tically, AKI associated with the upregulation of several known p53 target genes, including Bax, p53-
upregulated modulator of apoptosis-a, p21, and Siva, and this association was attenuated in PT-p53-KO
mice. In global expression analysis, ischemicAKI induced 371genes inwild-type kidney cortical tissues, but
the induction of 31 of these genes was abrogated in PT-p53-KO tissues. These 31 genes included regu-
lators of cell death, metabolism, signal transduction, oxidative stress, and mitochondria. These results
suggest that p53 in proximal tubular cells promotes AKI, whereas p53 in other tubular cells does not.
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AKI, often resulting from ischemic, nephrotoxic,
and septic insults, is a devastating clinical condition
that is associated with unacceptably high rates of
mortality and morbidity.1,2 Moreover, AKI is fre-
quently associated with and may contribute to the
development of CKD.3–6 The pathogenesis of AKI is
multifactorial, involving multiple cell types, cellu-
lar processes, and molecular mediators and regula-
tors.7–9 Among them, p53 seems to play a patho-
logic role.10,11 In 2003, Dagher and colleagues12

showed the first evidence for the involvement of
p53 in a rat model of ischemic AKI. We and others
established a critical role of p53 and associated
DNA damage response in cisplatin-induced AKI
using both cell culture and animal models includ-
ing global p53 knockout mice.13–16 p53 was also
implicated in kidney injury induced by folic acid,
aristolochic acid, and glycerol injection.17–19 As a
result, inhibition of p53 may offer an effective ther-
apy for AKI,12,16,20 and small interfering RNA
(siRNA) targeting p53 has been tested for AKI in

clinical trials (http://clinicaltrials.gov/ct2/results?
term=I5NP&Search=Search). In AKI, p53 was
shown to regulate several genes involved in cell
death and survival, including Bcl-2–associated x
(Bax), p53 upregulated modulator of apoptosis
(PUMA)-a, CD27 binding protein (Siva), and
p21.12,21–23 However, a global analysis of p53-regulated
genes in AKI is not available.

Despite these findings, recent studies suggest
that the pathologic role of p53 in AKI is far more
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complicated and that its inhibitionmay not always be beneficial.
In this regard, the pharmacological p53 inhibitor pifithrin-a,
when given after initial injury in AKI, promoted renal fibrosis
in rats.24 Even more surprisingly, pifithrin-a and global p53 de-
letion exacerbated ischemic AKI in mice.25 Although this study
indicates that the action of p53 is animal species-dependent,
mechanistically, it is puzzling how p53 may be injurious to
AKI in rats but protective in mice. One explanation is that
AKI in rats depends largely on renal tubular injury, whereas
AKI in mice depends more on inflammation and inflammatory
damage. This possibility is based on the assumption that p53 in
different cell/tissue types may have distinct or opposite roles
in the pathogenesis of AKI: whereas leukocyte p53 is anti-
inflammatory and thus, renoprotective, tubular p53 is a critical
trigger and/ormediator ofAKI. The anti-inflammatory function
of leukocyte p53 was recently suggested by the experiments
using chimeric mouse models.25 However, the pathogenic
role of tubular p53 has yet to be established by using kidney
tubule-specific p53 knockout models.

In the present study,we established two conditional knockout
mouse models, in which p53 was specifically ablated from
proximal tubules or other tubular segments. Knockout of p53
from proximal tubules but not other tubules protected against
ischemic and cisplatin nephrotoxic AKI. AKI-associated up-
regulation of several known p53 target genes was shown to be
attenuated in proximal tubule p53 knockout (PT-p53-KO)
kidney tissues.Additional global gene expressionanalysis showed
the induction of 371 genes by ischemicAKI inwild-type kidneys,
of which the induction of 31 genes was abrogated in PT-p53-KO
tissues. These 31 genes included regulators of cell death,
metabolism, signal transduction, oxidative stress, andmitochon-
drial carriers. Together, the results suggest that p53 in proximal
tubules contributes critically to AKI by regulatingmultiple genes
involved in kidney tissue injury, remodeling, and repair.

RESULTS

We first verified p53 expression in kidney tissues during AKI.
Bilateral renal ischemia-reperfusion induced AKI in C57/Bl6
mice as indicated by marked increases in BUN and serum
creatinine (Figure 1, A and B); p53 expression was very low in
sham control (day 0) but induced by ischemic AKI in renal
cortex and outer medulla (Figure 1C), and p53 induction
seemed significantly higher in outer medulla than renal cor-
tex. Temporally, p53 induction peaked at day 1 of reperfusion
and then decreased by day 2. In cisplatin nephrotoxic AKI, p53
was induced in kidneys gradually from day 1 to day 3 and
accompanied by increases in BUN and serum creatinine (Fig-
ure 1, D–F). These data, confirming previous studies,12–16 in-
dicate the induction of p53 in AKI.

To determine the pathologic role of tubular p53, we initially
established a conditional knockoutmousemodel, inwhich p53
was deleted specifically from kidney proximal tubules. The
breeding protocol is shown in Figure 2A. Briefly, male mice

bearing the floxed p53 alleles (p53f/f XY) were crossed with
female phosphoenolpyruvate carboxykinase-cAMP-response
element (PEPCK-Cre) transgenic mice (p53+/+XcreXcre) that
express Cre recombinase under the control of a modified
PEPCK promoter, which directs Cre expression predomi-
nantly in kidney proximal tubular cells.26 After the first round
of breeding, heterozygous female progenies (p53f/+XcreX)
were selected to further breeding with p53f/fXY males to gen-
erate PT-p53-KO (p53f/fXcreY) and proximal tubule p53 wild-
type (PT-p53-WT) littermate mice for testing.

To verify the genotypes, three sets of PCR were conducted for
each mouse. The genotype of PT-p53-KO mice was indicated by
(1) amplification of the 390-bp fragment of the floxed allele, (2)
lack of amplification of the 270-bp fragment of the wild-type
allele, and (3) amplification of the 370-bp fragment of the Cre
gene (Figure 2B, lanes 2, 6, and 7). The absence of the Cre gene
ensured the genotypeofwild-type (PT-p53-WT)mice (Figure 2B,
lanes 1, 3, and 5). At the protein level, because p53 in control
kidney tissues was very low (Figure 1), we compared p53 expres-
sion in PT-p53-KOandwild-type tissues afterAKI. After ischemic
AKI, wild-type mice showed p53 expression in both cortical and
outer medullary tissues (Figure 2C, lanes 1 and 2) that was sup-
pressed inPT-p53-KO tissues (Figure 2C, lanes 3 and 4). Similarly,
p53 expression during cisplatin-induced AKI was significantly
lower in PT-p53-KO kidney tissues thanwild-type tissues (Figure
2D, lanes 7 and 8 versus 5 and 6). In immunohistochemistry
(Figure 2, E and F), p53 was induced during AKI in the nuclei
ofwide-spread tubular cells (Figure 2, E, inset and F, inset) and the
cytoplasm of a subset of tubules in wild-type kidney tissues, and
again, p53 expression was largely attenuated in PT-p53-KO tis-
sues, verifying tubular p53 ablation in this conditional model.

Without AKI treatment, these mice showed similarly low
levels of BUN and serum creatinine, indicating normal renal
function.Renal ischemia-reperfusion inducedsevererenal failure
inwild-typemice, raisingBUNandserumcreatinine levels to295
and 3.02mg/dl, respectively (Figure 3,A andB). In contrast, after
the same treatment, PT-p53-KO littermate mice had 175 mg/dl
BUN and 1.8 mg/dl serum creatinine (significantly lower than
the levels of the wild type). Similarly, at day 3 of cisplatin treat-
ment, wild-type mice developed severe renal failure, with 287
mg/dl BUN and 2.34 mg/dl serum creatinine, whereas PT-p53-
KO mice had 122 mg/dl BUN and 0.92 mg/dl serum creatinine
(Figure 3, C and D). Histologic analysis confirmed that both
cisplatin and ischemia-reperfusion induced severe kidney tissue
damage in PT-p53-WT mice, which was significantly amelio-
rated in PT-p53-KO mice (Figure 3, C and G). In wild-type
mice, the tubular damage scores were 2.9 and 3.9 after ischemic
and cisplatin AKI, respectively, whereas the scores were mark-
edly decreased to 1.2 and 1.0 after ischemic and cisplatin AKI,
respectively, for PT-p53-KO tissues (Figure 3, D and H).

Apoptosis contributes significantly to the pathogenesis of
AKI,27 and p53 is known as a trigger of apoptosis under cell
stress.28 We, therefore, analyzed apoptosis in kidney cortical
tissues by terminal deoxynucleotidyl transferase-mediated di-
goxigenin-deoxyuridine nick-end labeling (TUNEL) assay.
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Representative TUNEL staining is presented inFigure 4, A andB.
No apoptosis was detected in the kidney tissues of sham-
operated or saline-injected mice. However, after renal ischemia-
reperfusion and cisplatin treatment, significant apoptosis was
induced in kidney cortical tissues in wild-type mice. Impor-
tantly, much less apoptosis was induced in PT-p53-KO mice.
This observation was further verified by counting apoptotic
cells in cortical and outer medulla regions from independent
experiments (Figure 4, C and D). We further examined the
infiltration of inflammatory cells in ischemic AKI. As shown
in Supplemental Figure 1, renal ischemia-reperfusion in-
duced the infiltration of leukocytes, including neutrophils
and macrophages, into wild-type kidney tissues, which was
suppressed in PT-p53-KO tissues. The decrease of inflamma-
tion in PT-p53 KOmice correlated with lower apoptosis, sup-
porting the inference that tubular apoptosis may be a driving
factor for inflammation.29

To determine if p53 in renal tubular segments other than
proximal tubules contributes significantly to AKI, we established
the other tubular p53 knockout (OT-p53-KO) model by crossing

p53-floxed mice with kidney-specific cadherin (Ksp-Cre) mice.
Ksp promoter drives Cre expression (and therefore, floxed gene
deletion) indistal tubules, loopsofHenle, andmedullarycollecting
ducts with significantly fewer effects on proximal tubules (http://
jaxmice.jax.org/strain/012237.html).30 As shown in Figure 5A,
p53 expression during ischemic AKI seemed lower in OT-p53-
KO kidney tissues thanwild-type tissues (Figure 5A, lanes 3 and 4
versus 1 and 2). However, ischemic AKI shown by BUN, serum
creatinine, and tubular damage was not significantly ameliorated
in OT-p53-KO mice (Figure 5, B–E). It was noticed that 28
minutes of renal ischemia-reperfusion induced moderate AKI
in OT-p53-WT mice (Figure 5) but severe AKI in PT-p53-WT
mice (Figure 3). For comparison,we subjected thePT-p53mice to
23minutes of ischemia-reperfusion and showed that PT-p53-KO
mice were protected in this model of moderate AKI (Figure 5, B
andC, Supplemental Figure 2). Together, these results suggest that
p53 in proximal tubules (and not p53 in other tubular segments)
plays a critical pathogenic role in ischemic AKI.

p53 regulates cell death and survival through both
transcription-dependent and -independent mechanisms.29

Figure 1. p53 is induced in ischemic and cisplatin nephrotoxic AKI in mice. Male C57BL/6 mice were (A–C) subjected to 28 minutes of
bilateral renal ischemia followed by 0–2 days of reperfusion (n=20) or (D–F) injected with 30 mg/kg cisplatin (n=28) for 0–3 days of
examination. In A, B, D, and E, blood samples were collected at indicated time points to measure BUN and serum creatinine. Data were
expressed as means6SDs; the bars with different superscripts (a–c) in each panel were significantly different (P,0.05). In C and F,
kidneys were harvested to extract cortical and outer medulla tissues at indicated time points for immunoblot analysis of p53 and
cyclophilin B (loading control). I/R, ischemia/reperfusion.
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Interestingly, several apoptotic genes subjected to p53 regula-
tion have been reported to be upregulated in AKI. For example,
PUMA-a is induced by cisplatin in kidney tissues,21,31,32

whereas Bax and Siva are induced in ischemic AKI.12,23 In ad-
dition, p21, a p53 target gene involved in cell cycle arrest and
cytoprotection, is induced markedly in various AKI mod-
els.22,33,34 We, therefore, analyzed the expression of these genes

to determine their dependence on proximal tubular p53. As
shown in Figure 6, both p53 and its serine-15 phosphorylated
formwere induced by cisplatin in kidney cortical tissues in PT-
p53-WT mice. Concomitantly, Bax, PUMA-a, and p21 were
induced. In PT-p53-KO mice, the induction of p53 as well as
Bax, PUMA-a, and p21 was suppressed (Figure 6A). In ische-
mic AKI, Bax, PUMA-a, Siva, and p21 were markedly induced

Figure 2. Creation and characterization of the PT-p53-KO mouse model. (A) Breeding protocol for generating PT-p53-KO mice. After
confirming genotype, male littermate mice at 8–10 weeks of age were used for experiments. (B) Representative gel images of PCR-
based genotyping. Genomic DNA was extracted from tail biopsy and amplified to detect wild-type and floxed alleles of p53 and
PEPCK-Cre allele as indicated. (C and D) Kidney cortex and outer medulla were collected from PT-p53-KO and PT-p53-WT littermate
mice after I/R injury or cisplatin injection for immunoblot analysis of p53 and cyclophilin B. (E and F) Immunohistochemical staining of
p53 in kidney cortical tissues of wild-type and PT-p53-KO mice after I/R or cisplatin injury. The selected areas are shown as insets at
a higher magnification. Original magnification, 3200. DAPI, 49,6-diamidino-2-phenylindole; I/R, ischemia/reperfusion.
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Figure 3. Ischemic and cisplatin-induced AKI is attenuated in PT-p53-KO mice. (A–D) Wild-type and PT-p53-KO littermate mice were
subjected to 28 minutes of bilateral renal ischemia followed by 2 days of reperfusion or sham operation as control. (E–H) Wild-type and
PT-p53-KO littermate mice were injected with 30 mg/kg cisplatin or saline as control for 3 days. (A, B, E, and F) Blood samples were
collected for measurements of BUN and serum creatinine levels. Data were expressed as means6SDs (n=8); the bars with different
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along with p53 in wild-type kidney tissues, and the inductive
response was largely diminished in PT-p53-KO tissues (Figure
6B). The dependence of Bax, PUMA-a, Siva, and p21 induc-
tion on proximal tubule p53 was further substantiated by den-
sitometric analysis of the immunoblots (Figure 6, C and D).
Together, these data suggest that p53 in proximal tubules is
responsible for the induction of key cell death regulatory genes
during AKI.

To gain a comprehensive understanding of p53-regulated
gene expression in AKI, we conducted a global gene expression
analysis. To this end, RNA samples were isolated from kidney
cortex, amplified, and hybridized to a cDNA microarray
containing 26,515 genes. In wild-type mice, renal ischemia
followed by 24 and 48 hours of reperfusion led to the induction
of 769 and 800 genes, respectively, of which 341 genes were
induced at both time points (Supplemental Tables 1–3).

Compared with wild type, the expression of 204 and 257 genes
at 24 and 48 hours of reperfusion, respectively, was suppressed
in PT-p53-KO kidneys (Supplemental Tables 4 and 5). In these
genes, 83 were suppressed at both reperfusion time points
(Supplemental Table 6). Notably, 31 of 83 suppressed genes
were among 371 genes that were induced by both 24 and 48
hours of reperfusion in wild-type kidneys (Figure 7A). These
31 genes included the regulators of cell death, signal trans-
duction, metabolism, oxidative stress, and mitochondrial car-
riers (Table 1). Seven of thirty-one genes have been reported to
be induced by ischemia-reperfusion in kidneys, brain, heart,
or lung. Interestingly, the analysis with the JASPAR CORE
database (http://jaspar.genereg.net/) showed that 7 of 31 genes
contain p53 binding sites in their promoters (Table 2). By
immunoblot analysis, we further confirmed the induction of
thioredoxin-interacting protein (Txnip), mixed lineage kinase

superscripts (a–c) were significantly different from each other (P,0.05). In C and G, kidney cortical tissues were stained with hematoxylin-
eosin to show histology. Original magnification, 3200. In D and H, tubular damage in I/R and cisplatin-treated cortical tissues was
semiquantified as pathologic scores. Data were expressed asmeans6SDs (n=8). #P,0.05, significantly different fromPT-p53-WTgroup. I/
R, ischemia/reperfusion.

Figure 4. AKI-associated renal apoptosis is suppressed in PT-p53-KOmice. Wild-type and PT-p53-KO littermate mice were subjected to
28 minutes of bilateral renal ischemia followed by 2 days of reperfusion or injected with 30 mg/kg cisplatin for 3 days. Control mice were
sham-operated or injected with saline. Kidney cortical tissues were examined by TUNEL assay to reveal apoptosis. (A and B) Repre-
sentative images of TUNEL staining. Original magnification, 3200. (C and D) Quantification of TUNEL-positive cells in the tissues from
each condition. Data were expressed as means6SDs (n=8); #P,0.05, significantly different from the PT-p53-WT group. I/R, ischemia/
reperfusion.
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domain–like protein (MLKL), dual specificity phosphatase 5
(DUSP5), and suppressors of cytokine signaling 2 (SOCS2)
during renal ischemia-reperfusion in wild-type kidneys,
which was suppressed in PT-p53-KO tissues (Figure 7B).

DISCUSSION

A pathologic role of p53 in AKI has been supported by several
lines of evidence. p53 is upregulated andactivated in avarietyof
AKI models accompanied by the induction of downstream
target genes.12–23 p53 inhibitors and siRNA afford protection
against ischemic and cisplatin nephrotoxic AKI in rats.12,16,20

In addition, genetic and pharmacologic inhibition of p53 is

protective during cisplatin AKI in mice.13–16

Based on these findings, recent clinical trials
have tested the therapeutic effect of p53
siRNA in human patients (http://clinicaltrials.
gov/ct2/results?term= I5NP&Search=Search).
However, recent studies have suggested a
much more complex role of p53 in AKI.
Specifically, it was shown that, although sys-
temic inhibition of p53 protects against is-
chemic AKI in rats,12 it enhances AKI in
mice.25 One intriguing possibility is that
AKI in rats depends largely on p53-mediated
renal tubular injury, whereas AKI in mice
depends more on inflammation and inflam-
matory damage that is suppressible by p53 in
leukocytes. The anti-inflammatory function
of leukocyte p53 was recently suggested by
using chimeric mouse models.25 Our study
has now shown the injurious role of proxi-
mal tubular p53 in AKI. Together, these
studies indicate that p53 in different cell/
tissue types plays distinguished roles in the
pathogenesis of AKI. Moreover, by global
gene expression analysis, we have identi-
fied several classes of genes that are upreg-
ulated through p53 in ischemic AKI,
gaining new insights into the mechanism
of p53 regulation in the disease condition.

This study has established two renal tu-
bular p53 knockout mouse models. One
model was generated by crossing PEPCK-
Cre mice, and the other was generated by
crossing Ksp-Cre with p53-floxed mice.
PEPCK-Cre results in the deletion of floxed
genes in the majority (70%–80%) of prox-
imal tubules without deletion in other tu-
bular segments.26 In contrast, Ksp-Cre
leads to floxed gene deletion mainly in col-
lecting ducts, loops of Henle, and distal tu-
bules but very weak or limited deletion in
proximal tubules.30 Using these two mod-

els, our study determined the effects of specific p53 deletion
from proximal tubules or other tubules on AKI. Considering
the pleiotropic role of p53 in cell cycle, differentiation, and
apoptosis, one may expect significant effects of tubular p53
ablation on kidney development, histology, and function.
However, these effects were not observed in either PT-p53-
KO or OT-p53-KOmice. This result is not surprising, because
global p53 knockout does not result in notable abnormalities
in kidneys, although some newborn pups were reported to
have an aberrant renal phenotype.35 It is possible that p53
knockout delays kidney development, but at adult age, the
kidneys have completed the development process and gained
normal histology and function. Regardless, PT-p53-KO mice
were shown to be resistant to AKI. Of note, p53 ablation from

Figure 5. Ischemic AKI is diminished in PT-p53-KO mice, but not in OT-p53-KO mice.
OT-p53-KO and wild-type littermate mice were subjected to 28 minutes of bilateral
renal ischemia, whereas PT-p53-KO and wild-type littermate mice were subjected to 23
minutes of bilateral renal ischemia. Samples were collected after 2 days of reperfusion.
(A) p53 expression in kidney tissues of OT-p53-KO and wild-type littermate mice. (B
and C) BUN and serum creatinine, respectively. Data were expressed as means6SDs;
bars with different superscripts (a–c) in each panel were significantly different
(P,0.05). (D) Representative histology of cortical tissues from OT-p53-KO and wild-
type littermate mice after hematoxylin-eosin staining. Original magnification, 3200.
(E) Tubular damage score in renal cortical tissues from OT-p53-KO and wild-type lit-
termate mice. I/R, ischemia/reperfusion.
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proximal tubules in this model was obvious but incomplete
(Figure 2, C and D), an observation that is consistent with the
70%–80% recombination efficiency of the PEPCK-Cre
model.26 The notable renoprotection shown in this model
further supports a role of proximal tubular p53 in AKI. In
contrast, OT-p53-KO mice were as sensitive to AKI as wild-
type animals, suggesting that p53 in other tubular segments
does not seem to have a critical role in AKI. However, these
results do not rule out the involvement of other tubular seg-
ments in the pathogenesis of AKI. Other tubules, such as distal
tubules and thick ascending limbs, may contribute to AKI
through p53-independent mechanisms.

p53, although known as a tumor suppressor, responds
rapidly to cellular stress in both cancer and normal cells.
Depending on the severity of the stress, p53 may result in cell
cycle arrest and/or cell death under various pathophysiologic
conditions. Mechanistically, p53 is a key regulator of gene
expression in the nucleus. Nonetheless, p53 may also partic-
ipate in cell regulation through transcription-independent
mechanisms in the cytoplasm.29,36 In a rat model of ischemic
AKI, p53 induction was detected mainly in the cytoplasm of
renal tubular cells, with limited signals in the nucleus.12 In our
study using mouse models, p53 was induced in the nuclei of
widespread tubular cells, although some cytoplasmic staining
was revealed in a subset of tubular cells. The subcellular local-
ization difference in p53 observed in these two studies was

most likely caused by the variations in the
animal models. Notably, p53-related gene
expression was shown in both studies, sup-
porting the significance of transcriptional
regulation by p53 in AKI.

Previous studies showed the induction
of several p53-regulated genes in AKI.12,21–23

Consistently, we confirmed the induction
of Bax, PUMA-a, Siva, and p21 during is-
chemic and cisplatin AKI. Importantly, the
inductive response was largely diminished
in PT-p53-KO mice, indicating that proxi-
mal tubular p53 is the key to the expression
of these genes. Interestingly, although Bax,
PUMA-a, and Siva are known to be proa-
poptotic, p21 arrests the cell cycle and has a
critical cytoprotective role in kidneys.27,37

The paradoxical gene induction by p53
in AKI remains puzzling. It is plausible
that, in response to stress, the cells initially
activate defensive or cytoprotective mech-
anisms, including p21 induction through
p53; however, as the insult continues and/
or intensifies, prodeath gene expression is
triggered. Of note, both p53-dependent
and -independent mechanisms contribute
to p21 induction in AKI.33

To further elucidate the p53-mediated
gene expression in AKI, we conducted a

global gene expression analysis using a cDNA microarray
containing 26,515 genes. In wild-type mice, renal ischemia-
reperfusion for 24–48 hours led to the consistent induction of
341 genes. The number of genes identified in our microarray
analysis is, therefore, much larger than the number in a pre-
vious report,38 in which only 91 genes were shown to be
upregulated in ischemic AKI. The larger number of genes
identified in our analysis was likely because of the larger cov-
erage (26,515 versus 9000 genes) of the cDNA microarray
used in our study. In addition, the previous study examined
the effect of unilateral renal ischemia-reperfusion in Swiss–
Webster mice, whereas bilateral ischemia-reperfusion in
C57/Bl6 mice was analyzed in the current study. Despite
these differences, 14 genes were shown to be induced in
both studies.

In PT-p53-KOmice, ischemic AKIwas also associated with
significant changes in gene expression. Notably, compared
withwild-type tissues, 83 geneswere suppressed inPT-p53-KO
kidneys during ischemic AKI, suggesting that these genes are
subjected to p53 regulation in proximal tubules in AKI.
Interestingly, in these 83 genes, 31 genes were among 371
genes that were induced by renal ischemia-reperfusion inwild-
type kidneys (Figure 7A). The analysis suggests that these 31
genes are induced during ischemic AKI in a p53-dependent
manner. These 31 genes include important regulators of cell
death, oxidative stress, metabolism, mitochondrial carriers,

Figure 6. Induction of p53 target genes in AKI is suppressed in PT-p53-KOmice. Wild-
type and PT-p53-KO littermate mice were subjected to 28 minutes of bilateral renal
ischemia followed by 2 days of reperfusion or injected with 30 mg/kg cisplatin for 3
days. Control mice were subjected to sham operation or injected with saline. The lysate
of kidney cortex and outer medulla was collected for immunoblot analysis of p53,
p-p53 (ser15), p21, PUMA-a, Bax, Siva, and Cyclophilin B by using specific antibodies.
(A and B) Representative immunoblots. (C and D) Densitometry of immunoblot signals.
For densitometric analysis, the protein signal of the wild-type control group (n=5) was
arbitrarily set as one, and the signals of other conditions were normalized (n=8). I/R,
ischemia/reperfusion.
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and others (Table 1). Seven of thirty-one
genes have been reported to be induced
by ischemia-reperfusion in kidneys or
other organs. Moreover, 7 of 31 genes con-
tain p53 binding sites in their promoters
(Table 2), suggesting a direct transcrip-
tional regulation of these genes by p53 in
AKI. Immunoblot analysis further con-
firmed the induction of several interesting
genes (i.e., MLKL, DUSP5, Socs2, and
Txnip) during renal ischemia-reperfusion
in wild-type mice, which was suppressed in
PT-p53-KO mice (Figure 7B). MLKL is a
newly identified key regulator of necrosis
downstream of the receptor interacting
protein kinase 3.39,40 p53-Dependent in-
duction of MLKL suggests that, in addition
to apoptosis, p53 may also be involved in
tubular cell necrosis in AKI. In support of
this possibility, PT-p53-KO mice showed
less necrotic damage in renal tubules after
ischemic or cisplatin AKI than wild-type
mice (Figure 3). SOCS2 is a suppressor of
cytokine signaling that blocks the Janus ki-
nase/signal transducer and activation of the
transcription (JAK/STAT) pathway, which
has been implicated in ischemic injury in
kidneys.41 DUSP5 is an inducible nuclear
phosphatase that functions as both an
inactivator of and a nuclear anchor for ex-
tracellular signal-regulated kinase in mam-
malian cells. p53-mediated induction of
DUSP5 may, therefore, block extracellular
signal-regulated kinase signaling and its
role in ischemic AKI.42 Txnip is a modula-
tor of cellular redox state that contributes
to cell apoptosis.43 In mice, knockout of
Txnip impairs mitochondrial function
but protects myocardium from ischemia-
reperfusion injury.44 Thus, the pathologic
role of p53 in AKImay not be limited to the
regulation of tubular cell death/survival;
rather, it may be extended to the regulation
of metabolism, oxidative stress, and mito-
chondria. It is important to recognize that
the differential gene expression shown in
PT-p53-KO and wild-type kidney tissues
after AKI may also be secondary to the
lower injury associated with the PT-p53-
KO model. Nonetheless, identification of
these genes lays a foundation for additional
investigation to distinguish the genes that
are directly regulated by p53 from those
genes that are secondary to the effect of
p53 ablation-related protection.

Figure 7. The induction of 31 genes during ischemic AKI is suppressed in PT-p53-KO
mice. Wild-type (n=4) and PT-p53-KO (n=4) littermate mice were subjected to 28
minutes of bilateral renal ischemia followed by 24 or 48 hours of reperfusion or sham
operation as control. (A) Total RNA samples isolated from renal cortical tissues were
analyzed by a cDNA microarray containing 26,515 genes. The amount of the mRNA of
each gene from the I/R group was divided by the amount of sham control to calculate
the fold change. (B) The lysate of renal cortical tissues was examined by immunoblot
analysis of Txnip, MLKL, DUSP5, SOCS2, and cyclophilin B. I/R, ischemia/reperfusion.
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In conclusion, this study has established two conditional
knockout mouse models, in which p53 is specifically deleted
from either proximal tubules or other tubular segments. By
using these models, the study has shown a critical pathogenic
role of proximal tubular p53 (but not other tubular p53) in
AKI. Global gene expression analysis has further identified 31
genes induced in ischemic AKI directly or indirectly through
p53, which may regulate cell death, metabolism, oxidative
stress, and mitochondrial activity. Additional investigation in
these directions will generate significant new insights into p53
regulation of kidney injury, tissue remodeling, and repair.

CONCISE METHODS

Reagents and Antibodies
Chemicals, including the 3-hydroxy-49-nitro-2-naphthanilide chlor-

oacetate (specific esterase) kit for leukocyte staining, were purchased

fromSigma-Aldrich. Antibodies included anti-cyclophilin B, anti-Txnip,

anti-SOCS2, anti-MLKL, antineutrophil, and antimacrophage from

Abcam, Inc.; anti-PUMA, anti-p53, and antiphospho-p53 (ser15)

from Cell Signaling Technology; and anti-p21, anti-Bax, and anti-

DUSP5 from Santa Cruz. All secondary antibodies were fromThermo

Fisher Scientific.

Animals
Ksp-Cre and p53flox/flox mouse lines were obtained from The Jackson

Laboratory. PEPCK-Cre mice were provided by Volker Haase (Van-

derbilt University School of Medicine, Nashville, TN). p53flox/flox

mice were crossed with PEPCK-Cre mice to produce PT-p53-KO

(p53flox/floxXcreY) and PT-p53-WT littermate mice, which is depicted

in the breeding protocol in Figure 1A. Similarly, p53flox/flox mice were

crossed with Ksp-Cre mice to produce OT-p53-KO mice. The mice

were housed in the animal facility of the Charlie Norwood Veterans

Affairs Medical Center under a 12-hour light/dark pattern with free

access to food and water. All animal experiments were conducted in

accordance with a protocol approved by the Institutional Animal

Care and Use Committee of the Charlie Norwood Veterans Affairs

Medical Center.

AKI Models
Ischemic and cisplatin nephrotoxic AKI was induced in male mice of

8–10weeks of age as described recently.45–47 For cisplatin injury, mice

were intraperitoneally injected with a single dose of cisplatin at 30

mg/kg. For ischemic AKI, renal pedicles were exposed by flank in-

cisions for the indicated duration of bilateral clamping followed by

release for reperfusion. During ischemic AKI, the body tempera-

tures of the mice were controlled at approximately 36.5°C. Sham

control mice underwent the same operation without renal pedicle

clamping.

Microarray
Total RNA was isolated from kidney cortical tissues for reverse

transcription using the Ambion WT Expression Kit (Life Technol-

ogies). The synthesized cDNAs were fragmented and biotin-labeled

using the GeneChip WT Terminal Labeling Kit (Affymetrix). The

Table 1. Thirty-one genes induced by p53 during renal ischemia-reperfusion

Cell Death/Survival Signal Transduction Metabolic Processes Mitochondrial Carrier Oxidative Stress Others

Baxa,b Dusp5b Acat3 Slc25a25 Cyp4a12b Plk3
PUMAa,b Socs2a,b Acaa1b Slc25a34 Txnipb SYTL5
p21a,b Map3k6 Adm Tomm5 Serpina3na

Txnipb Olfr98a Cbr3 Sprr2g
MLKL Fbp2 Snord37

Ftl1
Glrxb

Gpta

Klk1b1
Klk1b27
Klk1b3
Plin2
Ttpa

aGenes with p53 binding sites in their promoters.
bGenes that have been reported to be induced in ischemia-reperfusion of kidney, brain, heart, or liver.

Table 2. p53 binding sites in the promoter of seven induced
genes

Genes p53 Binding Sites

PUMA Site 1 AGGGGGTGCCCGGGCATGT
PUMA Site 2 ACAGACATGCCCGGGCAGCC
p21 Site 1 AGGAACATGTCTTGACATGT
p21 Site 2 CTGAACATGTCAAGACATGT
Bax Site 1 GCAGGCCCGGGCTTG
Bax Site 2 ACAAGCCCGGGCCTG
Socs2 Site 1 GCATCCCCAGGCATCTCCTT
Olfr98 Site 1 CTGGGCATGTCTGGGAAGGT
Olfr98 Site 2 CCAGACATGCCCAGAGGTGT
Gpt Site 1 AGGTGCATGCTCGGGCTTGC
Gpt Site 2 AGGTGCATGCTCGGGCTTGC
Serpina3n Site 1 AAGCATATGCCCTGACATGT
Serpina3n Site 2 GGAAACATGTCAGGGCATAT
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labeled cDNAswere then hybridized onto theAffymetrixMouseGene

2.0STArray according to the manufacturer’s protocol. After 16 hours

of hybridization, the arrays werewashed and stained using Affymetrix

GeneChip Fluidics Station 450 Systems. The stained arrays were scanned

with an Affymetrix GeneChip Scanner 3000.

Renal Function, Histology, and TUNEL Assay
BUN and serum creatinine were measured using commercial kits

from Stanbio Laboratory to indicate renal function.45–47 Renal his-

tology was subjected to a blind examination after hematoxylin and

eosin staining. Tissue damage was scored according to the percent-

age of damaged tubules: 0, no damage; 1, less than 25% damage; 2,

25%–50% damage; 3, 50%–75% damage; 4, more than 75% dam-

age. The criteria of tubular damage included the loss of brush bor-

der, tubular dilation, cast formation, and cell lysis. TUNEL assay

was conducted using the In Situ Cell Death Detection Kit from

Roche Applied Science. For quantification, 10–20 fields were randomly

selected from each tissue section to count the TUNEL-positive cells per

millimeter2.

Immunohistochemistry and Immunoblot Analyses
For immunohistochemistry, kidney tissues were fixed with 4%

paraformaldehyde and paraffin-embedded to collect tissue sections,

which were then deparaffinized and incubated with 0.1 M sodium

citrate (pH 6.0) at 65°C for antigen retrieval. After the incubation

with blocking buffers, tissue sections were exposed sequentially to

the primary antibody, the biotinylated secondary antibody, and the

Tyramide Signal Amplification Biotin System (PerkinElmer). The

signals were developed with the VECTASTAIN ABC Standard Kit

and DAB Peroxidase Substrate Kit (Vector Laboratories) following

the protocols of the manufacturer. Cell nuclei were counterstained

withHoechst 33342. For immunoblot analysis, tissue lysate fromkidney

cortex and outer medulla was extracted for SDS–polyacrylamide elec-

trophoresis, blotting, and antibody exposure by standard procedures.

Statistical Analyses
Qualitative data, including immunoblots and tissue histology images,

are representatives of at least three experiments. Quantitative data are

expressed as means6SDs. Statistical analysis was conducted using

the GraphPad Prism software. Multiple groups were compared with

ANOVA followed by Tukey’s post-tests. Statistical differences be-

tween two groups were determined by two-tailed unpaired or paired

t tests. P,0.05 was considered significantly different.
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