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The p21 protein is found in the nucleus of most cells at low levels and is induced to elevated levels after DNA damage,
causing cell-cycle arrest. We have reported that p21 mRNA is rapidly induced to high levels in murine kidney after acute
renal failure. The function(s) in the kidney of p21 induction in cisplatin-induced acute renal failure was studied with mice
that are homozygous for a p21 gene deletion. After drug administration, as compared with their wild-type littermates,
p21(-/-) mice display a more rapid onset of the physiologic signs of acute renal failure, develop more severe morphologic
damage, and have a higher mortality. Therefore, the induction of p21 after cisplatin administration is a protective event for
kidney cells. Using both bromodeoxyuridine incorporation and nuclear proliferating cell nuclear antigen detection, we
found that cisplatin administration caused kidney cells to start entering the cell-cycle. However, cell-cycle progression is
inhibited in wild-type mice, whereas kidney cells in the p21(-/-) mice progress into S-phase. We propose that p21 protects
kidneys damaged by cisplatin by preventing DNA-damaged cells from entering the cell-cycle, which would otherwise
result in death from either apoptosis or necrosis.
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Abstract

The p21 protein is found in the nucleus of most cells at low
levels and is induced to elevated levels after DNA damage,
causing cell-cycle arrest. We have reported that p21 mRNA
is rapidly induced to high levels in murine kidney after
acute renal failure. The function(s) in the kidney of p21 in-
duction in cisplatin-induced acute renal failure was studied
with mice that are homozygous for a p21 gene deletion. Af-
ter drug administration, as compared with their wild-type
littermates, p21(—/—) mice display a more rapid onset of
the physiologic signs of acute renal failure, develop more se-
vere morphologic damage, and have a higher mortality.
Therefore, the induction of p21 after cisplatin administra-
tion is a protective event for kidney cells. Using both bro-
modeoxyuridine incorporation and nuclear proliferating
cell nuclear antigen detection, we found that cisplatin ad-
ministration caused kidney cells to start entering the cell-
cycle. However, cell-cycle progression is inhibited in wild-
type mice, whereas kidney cells in the p2I1(—/—) mice
progress into S-phase. We propose that p21 protects kid-
neys damaged by cisplatin by preventing DNA-damaged
cells from entering the cell-cycle, which would otherwise re-
sult in death from either apoptosis or necrosis. (J. Clin. In-
vest. 1998. 101:777-782.) Key words: cell cycle « apoptosis «
necrosis » cyclin-dependent kinase « DNA damage

Introduction

Experimental models of acute renal failure caused by isch-
emia, nephrotoxic drugs (e.g., cisplatin), and ureteral obstruc-
tion result in severe and acute reduction in the glomerular fil-
tration rate, accompanied by increased serum concentrations
of blood urea nitrogen (BUN).! For ischemia and most neph-
rotoxic drugs, there is also morphologic damage of varying de-
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grees of necrosis, especially of the S3 segment of the proximal
tubules. Previously, we had demonstrated a rapid and high
level induction of a cell-cycle inhibitory protein, p21, in murine
kidney after acute renal failure, including after cisplatin ad-
ministration (1). p21, also known as WAF-1 (2), Cip-1 (3), and
Sdi-1 (4), is a protein of 21 kD (5) and a member of a protein
family containing also p27%'! (6) and p57¥'¥2 (7, 8). The p21
protein is constitutively expressed at low levels in most cells
and is present in the nucleus as a member of a quaternary com-
plex with cyclin, cyclin-dependent kinase (cdk), and proliferat-
ing cell nuclear antigen (PCNA) (9, 10). These low levels of
p21 are thought to contribute to the stability of the cyclin-cdk
association (11). The p21 protein has been shown to be overex-
pressed before terminal differentiation (12-18), and in cul-
tured cells undergoing senescence (4). In addition, the p27/
gene is induced after DNA damage (2), and its induction is
necessary for the p53-dependent cell-cycle arrest after DNA
damage (19-21). Induction of the p21 gene and overexpression
of the p21 protein is associated with cell-cycle interruption and
Gl arrest (2, 3, 22-25), and p21 has been shown to inhibit one
or more of the cyclin-cdk kinase activities (3, 22, 25). The pro-
tein can also bind (26) and inhibit (27, 28) PCNA, especially its
role in DNA replication rather than DNA repair (29). The role
of p21 in differentiation is probably redundant, since mice
lacking p21 develop normally (27). Its role in cisplatin-induced
acute renal failure is the subject of this investigation.

Methods

p21(—/—) mice (20) and induction of acute renal failure. Mice carry-
ing a deletion of a large portion of the p21 gene in which neither p21
mRNA nor p21 protein is expressed were obtained from Dr. Philip
Leder (Harvard Medical School, Cambridge, MA). The mice ho-
mozygous for the p21 deletion were selected from the offspring of
heterozygous matings using Southern blotting of tail DNA as de-
scribed (20). Similarly, wild-type homozygous littermates were se-
lected as controls. Male mice from 8 to 15 wk of age were studied as
described. The animals used in these studies were housed at the Ani-
mal Research Center at the University of Texas Medical Branch at
Galveston. When appropriate, animals were painlessly killed in ac-
cordance with methods of euthanasia approved by the Panel on Eu-
thanasia of the American Veterinary Medical Association. Cisplatin
was administered by a single intraperitoneal injection to mice at 20
mg/kg. The induction of acute renal failure was monitored by follow-
ing BUN (Sigma No. 535; Sigma Chemical Co., St. Louis, MO) con-
centrations in serum obtained by retroorbital bleeding.

Morphologic assessment. At various times after cisplatin treat-
ment, kidneys were removed, immersed in 4% neutral-buffered
formaldehyde, and fixed for 48-72 h. After several washes with PBS
and cryoprotection in 20% sucrose in PBS, the tissues were embed-
ded in OCT and frozen in liquid nitrogen. Thin (6-8 wm) sections
were cut in a cryostat and placed onto slides coated with 3-aminopro-
pyltriethoxysilane. The tissues were stained with hematoxylin and
eosin and PAS, and the degree of morphological involvement in renal
failure was determined using light microscopy. The following param-
eters were chosen as indicative of morphological damage to the kid-
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ney after cisplatin injection: brush border loss, red blood cell extrava-
sation, tubule dilatation, tubule degeneration, tubule necrosis, and
tubular cast formation. These parameters were evaluated on a scale
of 0 to 4, which ranged from not present (0), mild (1), moderate (2),
severe (3), to very severe (4). Each parameter was determined on at
least five different animals. Statistical significance was assessed by the
two-sided Student’s ¢ test for independent samples, and was indicated
in Figs. 1-3 if the P value was 0.05 or less.

Apoptosis detection (30) and quantification. The TUNEL tech-
nique (Apoptag kit; Oncor Inc., Gaithersburg, MD) was used to de-
tect apoptotic cells in situ. All apoptotic nuclei within a section of
kidney were counted and the results expressed as the number deter-
mined per square millimeter of kidney. Statistical significance was as-
sessed as above.

Cell-cycle analysis. Incorporation and detection of bromodeoxy-
uridine (BrdU) into kidney nuclei was performed as described by
Godley et al. (31) using a kit from Boehringer Mannheim (Indianapo-
lis, IN). Nuclear PCNA was detected using a mouse monoclonal
PCNA antibody (Santa Cruz Laboratory, Santa Cruz, CA) and the
ABC Elite Vectastain Kit (Vector Laboratories, Inc., Burlingame,
CA). Because of the large differences in both BrdU incorporation
and PCNA staining between p21(—/—) and wild-type kidney sections
after cisplatin injection, statistical analyses were not performed on
these samples.

Results

Quantification of physiological measurements of kidney func-
tion. As shown in Fig. 1, the BUN values in untreated animals
were nearly identical. 1 d after cisplatin injection, the values in
the wild-type mice population were still within the untreated
range. However, at this time, the values in the p21(—/—) popu-
lation were severely elevated and were statistically different
from the wild-type values (P = 0.020). After 2 and 3 d of cisplatin
injection, the BUN of the wild-type mice was elevated, but
never to the extent of the p27(—/—) mice. Also, between 2 and
3 d, the p21(—/—) mice had a mortality rate of ~30%, whereas
no mortality was observed in the wild-type mice (data not
shown). Each time point represented the mean (*standard er-
ror) from at least six mice.

Quantification of morphologic damage. The histologic ex-
amination of kidney tissue 1 d after cisplatin injection showed
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Figure 1. Urea nitrogen levels in serum (BUN) after cisplatin admin-
istration. Values, in milligrams per deciliter, at each time point repre-

sent means (*standard error) of at least six mice. Statistically signifi-
cant differences (P < 0.05) are indicated.
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that very few changes could be observed in the wild-type (Fig.
2 A), whereas in the p21(—/—) mice (Fig. 2 B), there was red
blood cell extravasation, and proximal tubule damage from
brush border loss, dilatation, and degeneration. This is quanti-
fied in Fig. 2 C. 3 d after injection, the wild-type mice (Fig. 2
D) exhibited red blood cell extravasation, and proximal tubule
damage such as brush border loss, dilatation, degeneration,
cast formation, and necrosis. Necrosis was restricted to the S3
segment. Not only did p21(—/—) mice (Fig. 2 E) exhibit much
more severe damage in all categories, but the proximal tubule
necrosis extended throughout S1, S2, and S3 segments. This is
quantified in Fig. 2 F.

Apoptotic bodies were observed in the hematoxylin and
eosin-stained kidney sections, especially in the p21(—/—) mice
3 d after cisplatin injection. However, a more exact quantifica-
tion based on these observations was not possible primarily
because of the amount of necrotic debris in these kidney sec-
tions and of the relatively short life span of an apoptotic body.
Therefore, apoptosis was determined by the TUNEL tech-
nique (30). Using this method, we could detect very few
stained nuclei in kidney sections prepared from untreated
mice. Also, even in the presence of extensive necrosis, the ne-
crotic debris was primarily unstained and easily distinguishable
from apoptotic staining, which appeared only in nuclei. Sec-
tions from mice 3 d after cisplatin injection are shown in Fig. 3,
A and B, and a time course of appearance of apoptotic nuclei
is quantified in Fig. 3 C. In the p21(—/—) mice, statistically sig-
nificant increases in apoptotic cells could be observed starting
1 d after cisplatin injection. In wild-type mice, apoptotic nuclei
were only observed in cells of the distal nephron, especially in
distal convoluted tubules and collecting ducts. In p21(—/—)
mice, apoptotic cells occurred throughout the kidney, both in
distal and proximal regions of the nephron, especially in both
proximal and distal convoluted tubules and collecting ducts.

Cell-cycle analysis. Both BrdU incorporation (Fig. 4, A
and B) into nuclear DNA and nuclear PCNA (Fig. 4,C and D)
were much higher in p21(—/—) mice. In both populations, be-
fore cisplatin injection, only minimal BrdU incorporation or
PCNA could be detected (data not shown). The localization of
both BrdU and PCNA positive cells was similar to that of the
apoptotic cells. In the wild-type mice all of the positive cells
were localized in the distal nephron, primarily the distal con-
voluted tubules and collecting ducts and in p21(—/—) mice,
positive cells were in these distal nephron tubules and in proxi-
mal tubules. In addition, in p21(—/—) mice, positive cells were
localized in the Bowman'’s capsule of the glomerulus.

Discussion

The molecular changes that occur in acute renal failure are
likely to be underlying causes of many of the pathophysiologi-
cal consequences of the syndrome as well as mechanisms for
recovery. A thorough understanding of these molecular
changes and their consequences would likely enable investiga-
tors to gain insight into the treatment and/or prevention of re-
nal failure. In this regard, the known pathways of cellular re-
sponses to p21 overexpression make it a likely candidate to be
intimately involved in certain aspects of acute renal failure.
First, we have shown it to be highly overexpressed in kidney
cells during both the injury and recovery phases of acute renal
failure (1). Second, it is expressed in all types of acute renal
failure so far investigated, including ischemia, ureteral obstruc-
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Figure 2. Histologic evaluation of kidney after cisplatin injection. Representative sections from either 1 d (A and B) or 3 d (D and E) after injec-
tion of wild-type (A and D) or p21(—/—) mice (B and E). X390. Quantitative evaluation of morphologic kidney damage 1 d (C) and 3 d (F) after
injection of wild-type or p21(—/—) mice expressed as relative severity on a scale from 0 to 4. Values represent means (*standard error) of kid-
ney sections from at least five mice for each time point and genotype. Morphology was scored according to proximal tubule brush border loss
(BB Loss), red blood cell extravasation (RBC Xtra.), tubule dilation (Dilatation), tubule degeneration (Degen.), tubule necrosis (Necrosis), and
cast formation within tubules (Casts). Statistically significant differences (P < 0.05) are indicated.

tion, and nephrotoxic drug administration (1). Third, its over-  cells are the site of immediate-early gene induction (32). Fi-
expression is known to cause cell-cycle interruption, and the  nally, its induction in kidney after cisplatin injection is in part
kidney cells in which it is expressed during ischemia do not un- controlled by p53-dependent mechanisms that also participate

dergo DNA synthesis or mitosis after injury even though these in reparative functions after DNA damage.
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We have found, using the cisplatin model of acute renal
failure, that both morphologic and physiologic injuries are
more severe in mice lacking p21 than in their wild-type litter-
mates, whereas in the absence of renal failure, kidney mor-
phology and physiology are identical in the two populations.
The urea nitrogen in serum 1 d after cisplatin administration
still had near normal values in the wild-type population, while
the values were severely elevated in the p21(—/—) mice (Fig.
1). These differences continued throughout the course of the
measurements (3 d). Measurements were not continued past
this point because of the mortality (~ 30%) observed in the
p21(—/—) population, which was not seen in the wild-type
mice. Kidney histology after cisplatin administration was also
severely affected by the lack of a functional p27 gene. After 1d,
we observed statistical differences in red blood cell extravasa-
tion, proximal tubule brush border loss, dilatation, and degen-
eration (Fig. 2 C). After 3 d, all measured histologic parame-
ters were more severe in the p21(—/—) mice (Fig. 2 F). At this
point, proximal tubule necrosis, which in wild-type mice
mainly involved the S3 segment, extended throughout all seg-
ments (S1, S2, S3). Similar differences in the number of apop-
totic cells were observed between the p27(—/—) and wild-type
populations (Fig. 3 C).

The induction of programmed cell death or apoptosis by
tumor suppressor pS3-dependent pathways is associated with
the frans-activation of the p2I gene (23). However, it was
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Figure 3. Appearance of apoptotic nuclei in kidney after cisplatin in-
jection. TUNEL staining in kidney nuclei 3 d after injection in wild-type
(A) and p21(—/—) mice (B). X390. Arrows indicate representative nu-
clei scored as “positive” for apoptosis. Quantitative evaluations of the
number of apoptotic nuclei (C) were based on at least five mice from
each time point and genotype. Values represent means (*standard er-
ror) of apoptotic nuclei observed per square millimeter section of kid-
ney prepared from each genotype. P values are indicated.

shown that p53-dependent apoptosis could occur in the ab-
sence of p21 induction (33), and that the induction of apoptosis
in quiescent fibroblasts by c-myc was dependent on p53 induc-
tion (34), but not on p21 (35). Also, the p53-dependent apop-
tosis observed in +y-irradiated thymocytes was independent of
the presence of a functional p21 gene (20). Recently, elevated
p21 expression has been associated with cell survival rather
than cell death or apoptosis (36, 37). The expression of p21
during differentiation had been found to block apoptosis of
myoblasts under conditions of mitogen deprivation (38) and of
SH-SYSY neuroblastoma cells exposed to nerve growth factor
and aphidicolin (39). Similarly, p21 overexpression protects
both MCF-7 (40) and RKO cells (41) from prostaglandin A,-
mediated apoptosis. We had shown that cisplatin injection
caused p53 induction and p53-dependent p21 induction in mu-
rine kidney (1). We now show that the absence of p21 contrib-
utes to the appearance of much higher amounts of apoptotic
cells in the kidney than would be observed with a functional
p21 gene. Many types of acute renal failure have been associ-
ated with increased apoptosis of kidney cells (42, 43), although
we have not detected p53 activation in renal failure caused by
agents other than cisplatin (1). Therefore, it is possible that the
increased apoptosis seen in p21(—/—) mice after cisplatin in-
jection is caused by p53-dependent pathways, similar to those
discussed above, and would not be seen after renal failure
caused by, for example, ischemia or ureteral obstruction.



Figure 4. Cell-cycle analysis of kidney after cisplatin injection. Immunodetection of nuclear BrdU incorporation 4 d (A and B) and of nuclear
PCNA localization 1 d (C and D) after injection. Sections were from wild-type (A and C) and p21(—/—) mice (B and D). X390.

Acute renal failure induced by many agents results in DNA
synthesis by damaged tubule cells (32, 44), presumably a repar-
ative event. Cisplatin injection resulted in increased amounts
of the cell-cycle indicators BrdU incorporation and nuclear
PCNA in kidney cells of both wild-type and p21(—/—) mice.
However, the relative amounts of these indicators in the
p21(—/—) population were much higher than those in the wild-
type mice. The differences observed are likely a direct effect of

pS3———>p53*
DNA Damage p21

Cisplatin ? Apoptosis (& Necrosis)

DNA damaged cells

Renal Failure’ ——>G1——=——>% phase
DNA repaired
Y
Cell Reptacement
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Figure 5. Proposed mechanism for the relationship between p21
overexpression in kidney and its cytoprotection after cisplatin injec-
tion.

the lack of p21 expression in the “null” group, and they are
also likely to be indicative of the mechanism underlying the
apparent protective effect of the p21 protein. We propose that
the following mechanism occurs in the kidney after cisplatin
injection (Fig. 5). Cisplatin is a drug that causes both DNA
damage (45) and nephrotoxicity. After cisplatin treatment, it is
possible that these are interrelated, although many other
agents that cause renal failure do not cause DNA damage. The
damaged DNA is responsible for p53 activation (46, 47), which
in turn induces p21 (2). We have shown that in kidney cisplatin
injection causes p53 activation and both p53-dependent and
p53-independent induction of the p27 gene (1). We have also
reported that other agents causing acute renal failure can in-
duce p21 in the absence of p53 activation (1). The damaged
cells attempt to regenerate and enter the cell-cycle (reference
44 and Fig. 4). In the presence of the cdk inhibitor, p21, most
of the cells are prevented from progressing into S-phase until
their DNA can be repaired, at which time they complete the
replacement and regeneration cycle. However, in mice that are
homozygous for a p21 gene deletion, many kidney cells enter
S-phase with damaged DNA, with subsequent cell death
through necrosis (Fig. 2) and apoptosis (Fig. 3).

From these experiments, we cannot determine whether p21
has a role in the initiation of acute renal failure, although the
lack of p21 induction contributes to an increased severity of
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both morphologic and functional kidney damage. Upregula-
tion of p21 may be a therapeutic target to ameliorate cisplatin-
induced renal failure.
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