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ABSTRACT 

Tissue damage and repair processes are important factors in renal 
tumor progression. To determine whether protein kinase C (PKC) is in- 
volved in these processes, we characterized PKC isozymes during rat 
kidney regeneration using 3 models: (a) diffuse cortical hyperplasia and 
hypertrophy induced by folic acid; (b) focal necrosis of the $3 segments 
induced by S-(1,2-dichlorovinyl)-L-cysteine; and (c) compensatory renal 
hypertrophy. Immunoblot analyses demonstrated that 5 PKC isozymes, a, 
IB, 8, e, and ~, were expressed in rat kidney. Six h after folic acid treatment, 
phorbol ester receptors were down-modulated. Down-modulation pre- 
ceded an increase in DNA synthesis which was maximal at 24 h. The 
reduction in phorboi ester receptors was due largely to a decrease in 
a-PKC. ~-PKC, which is not a phorbol ester receptor, was also decreased. 
6- and c-PKCs were not changed. However, a-PKC was not down-modu- 
lated during compensatory hypertrophy induced by unilateral nephrec- 
tomy. Thus, the observed decrease of ot-PKC after folic acid treatment is 
most likely associated with the hyperplastic and not the hypertrophic 
effects of this renal toxin. These results demonstrate that activation-asso- 
ciated down-modulation of PKC, in particular a-PKC, occurs during 
chemical-induced renal regeneration and suggests a general role for PKC 
activation in non-phorbol ester tumor promotion. 

INTRODUCTION 

Experimental carcinogenesis studies in a variety of tissues have 
demonstrated that tumor formation can be divided into at least 2 steps: 
initiation and promotion (1, 2). Initiators are genotoxic agents that 
induce tumor formation when administered at relatively high doses. 
Tumor promoters are not carcinogenic by themselves, but confer a 
growth advantage to cells that have been chemically altered by expo- 
sure to an initiating carcinogen. Phorbol esters, specific activators of 
PKC 3 (3), are potent tumor promoters in mouse skin. Thus, PKC 
activation is considered to be an important step in mouse skin carci- 
nogenesis. However, a role for PKC activation in non-phorbol ester- 
mediated tumor promotion in skin and other tissues has not been 
defined. PKC can be activated in cultured cells treated with the non- 
phorbol ester tumor promoters, thapsigargin (4), asbestos (5), UV 
radiation (6), or oxidative compounds (7). Thus, PKC activation may 
be a common event in tumorigenesis. 

PKC is a gene family containing at least 10 distinct subspecies, 
a,/3I,/3II, T, 6, ~, ~, rl/L, 0, and A (reviewed in Ref. 8). The differ- 
ential distributions of PKC mRNAs and proteins suggest that each 
isozyme may play a unique role in signal transduction pathways 
in vivo. Gene transfer experiments suggest that individual isozymes 
may play distinct roles in growth regulation (9, 10). In  vitro recon- 
stitution experiments have indicated that/3- and 6-PKCs are specifi- 
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cally involved in exocytosis, whereas a- and E-PKCs are assoc- 
iated with negative feedback inhibition of phospholipase C activity 
(11, 12). The role of individual PKCs in tumor promotion has not been 

defined. 
Epidemiological studies demonstrate that chronic tissue irritation is 

associated with a high risk of human cancers. Examples include the 
effects of tobacco smoke (13, 14) and asbestos (15) on lung tissue and 
alcohol consumption on liver tissue (16). Chemical and mechanical 
wounding are also tumor promoters. Examples include carbon tetra- 
chloride-induced liver regeneration (17), folic acid-induced kidney 
regeneration (18), partial hepatectomy (19), and mild abrasion of skin 
(20). Wounding can also act as a tumor promoter in viral carcinogen- 
esis. Sarcomas are found preferentially at wound sites in chickens 
given injections of Rous sarcoma virus (21). Although the mechanism 
of wounding-induced tumor promotion is unclear, cell proliferation 
following chemical or mechanical wounding may play an important 
role (22-24). 

Although the role of PKC activation in phorbol ester tumor pro- 
motion is well established, to date, there is little evidence to impli- 
cate individual PKCs in tissue wounding and repair processes in skin 
and other tissues. However, circumstantial evidence indicates that 
PKC is activated in response to tissue damage. Diacylglycerol, an 
endogenous PKC activator, was increased (25), and PKC was redis- 
tributed from soluble to particulate fractions (26, 27) in regenerating 
liver after partial hepatectomy. A selective decrease in nuclear a-PKC 
and an increase in nuclear 6-PKC were observed after partial hepa- 
tectomy (28). However, in carbon tetrachloride-induced liver regen- 
eration, a-PKC, but not /3-PKC, was increased (29). Induction of 

the primary response genes, los ,  myc ,  TIS 1, TIS 8, and TIS 11, has 
been reported in regenerating liver induced by partial hepatectomy 
(30, 31) and in regenerating kidney induced by folic acid damage (32, 
33). These data suggest that PKC is activated in response to tissue 
wounding. 

A major goal of our studies was to determine whether PKC acti- 
vation occurred during tissue wounding and repair in response to a 
non-phorbol ester tumor promoter. The kidney is an excellent model, 
since there is a stronger correlation between toxicity and carcinogen- 
esis in this tissue than in others (34). Therefore, we used 2 model 
systems to induce renal damage and compensatory hyperplasia: (a) 
folic acid-induced diffuse renal cell proliferation and hypertrophy 
(35-38); and (b) DCVC-induced focal necrosis of the $3 segments of 
renal proximal tubules (39). Both folic acid and DCVC are known 
renal tumor promoters (18, 40). Compensatory renal hypertrophy 
induced by unilateral nephrectomy (41) was used as a control to 
determine whether observed effects were specifically associated with 
mitogenic responses. Our results demonstrate that folic acid damage 
caused a decrease (down-modulation) in "phorbol ester receptors, 
which was largely attributed to a loss of a-PKC. Activation of PKCs 
leads to incresed proteolysis and subsequently, down-modulation (42- 
44). The decreases in phorbol ester receptors and PKC isozymes 
preceded the folic acid-induced mitogenic response. No significant 
decreases in phorbol ester receptors and a-PKC content were found in 
hypertrophied kidney induced by unilateral nephrectomy. Thus, the 
decrease in PKC content, in particular a-PKC, appears to be associ- 
ated with renal hyperplasia rather than hypertrophy. 
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DOWN-MODULATION OF c~-PKC IN REGENERATING KIDNEY 

M A T E R I A L S  AND M E T H O D S  

Materials. Male Sprague-Dawley rats (150-250 g) were purchased from 
Taconic Farms (Germantown, NY). Alkaline phosphatase-conjugated goat 
anti-mouse or anti-rabbit IgG and color development kit were from Promega 
(Madison, WI). Fluorescein-conjugated goat anti-mouse IgG was from Cappel/ 
Cooper Biomedical (Malvern, PA). PDBu was purchased from Sigma (St. 
Louis, MO). [3H]PDBu (19.1 Ci/mmol) was purchased from Du Pont-New 
England Nuclear (Boston, MA). 

Unilateral Nephrectomy and Induction of Renal Damage by DCVC and 
Folic Acid. Rats were given i.p. injections of 30 mg/kg DCVC in distilled 
water or i.v. 250 mg/kg folic acid in 0.3 u sodium bicarbonate via the tail vein. 
DCVC was synthesized according to the method of McKinney et al. (45) and 
fully characterized (46). Unilateral nephrectomy was performed on rats anes- 
thetized with 50 mg/kg pentobarbital. Kidneys were removed under anesthesia 
(50 mg/kg pentobarbital) at the indicated intervals after treatment. Rat body 
weight and wet kidney weight were measured. Samples were prepared for 
immunohistochemistry and homogenization as described below. 

Preparation of Tissue Homogenates and Subcellular Fractions. Fresh 
kidneys were homogenized in homogenization buffer that was 20 mM Tris-C1, 
pH 7.4, 0.25 M sucrose, 5 mM EDTA, 2 mM dithiothreitol, 1 mM phenylmethyl- 
sulfonyl fluoride, 100/xg/ml leupeptin, and 100 ~g/ml aprotinin. Homogenates 
were centrifuged at 100,000 • g to prepare soluble and particulate fractions. 
The particulate fraction was resuspended in homogenization buffer. Protein 
concentrations were determined by the method of Bradford (47) using reagents 
from Bio-Rad (Richmond, CA). 

Immunoblot Analysis. Proteins were separated on 7.5% denaturing poly- 
acrylamide gels and transferred to nitrocellulose paper. Before incubation with 
primary antibodies, blots were blocked with 5% nonfat dry milk in TBS, which 
was 20 mM Tris-C1, pH 7.4, and 0.5 M NaC1. The second antibody was alkaline 
phosphatase-conjugated goat anti-mouse or anti-rabbit IgG. Antibodies were 
diluted in TBS containing 1% BSA. The blots were washed with TBS 3 times 
between each step. Anti-t~-PKC catalytic domain mAb M6 and regulatory 
domain mAb M9 were raised against purified c~-PKC (48). Anti-/3- and 3,-PKC 
mAbs were purchased from Upstate Biotechnology, Inc. (Lake Placid, NY). 
Anti-peptide antibodies to the C-terminal peptides of rat ~-, ~-, and ~-PKCs 
were generated by immunizing rabbits with keyhole limpet hemocyanin- 
coupled peptides. Anti-rI-PKC antiserum was a gift from Dr. P. J. Parker 
(London, United Kingdom). Anti-vimentin monoclonal antibody (clone V9) 
was purchased from Sigma (St. Louis, MO). Quantitation of immunoreactive 
bands on immunoblots was determined by densitometry (Bio-Image, Milli- 
pore, Ann Arbor, MI). Each blot was developed to maximal color density. A 
standard curve was made by blotting and quantitating a series of known 
amounts of purified PKC. Quantitation was performed in the linear density 
range. 

Phorbol Ester Binding Assay. Tissue samples (0.1 mg protein) were as- 
sayed for phorbol ester binding using 20 nM [3H]PDBu +_ 20 M unlabeled 
PDBu as described (49) in the presence of 0.5 mM Ca 2+ and 100 /zg/ml 
phosphatidylserine. Assays were carried out at 37~ for 15 min and cooled 5 
rain on ice. Carrier protein was added and samples were precipitated with 14% 
polyethylene glycol. The amount of [3H]PDBu in the precipitates was mea- 
sured by liquid scintillation counting. 

Immunohistochemical Analysis. Fresh kidneys were excised, trimmed, 
immediately fixed in Carnoy's solution (60% absolute alcohol, 30% chloro- 
form, and 10% glacial acetic acid) and embedded in paraffin. Sections were cut 
at a thickness of 5 pm. Sections were dewaxed, rehydrated, and blocked with 
5% normal goat serum before staining. Sections were then incubated with 
primary antibody for at least 1 h; washed with 0.1% BSA in PBS, which was 
s mra KCI, 1.1 mM KH2PO4, 138 mM NaCI, 8.1 mu Na2HPO4 (pH 7.4); and 
incubated with fluorescein-conjugated goat anti-mouse IgG (1:100) for 1 h. 
Two washes with 0.1% BSA in PBS and 2 washes with PBS were performed 
at the completion of staining. The sections were mounted with Airvol (Air 
Products and Chemicals, Inc., Allentown, PA) and observed with a Nikon 
fluorescence microscope. All steps were carried out at room temperature. 
Anti-ot-PKC catalytic domain mAb M4 (48) was purified by chromatography 
on protein A-Sepharose and used at a concentration of 30 p.g/ml. Anti-vimentin 
monoclonal antibody (clone V9) was used at a 1:100,000 dilution. 

BrdUrd Assay for DNA Synthesis in Vivo. BrdUrd (60 mg/kg) was in- 
jected i.p. 2 h before kidneys were removed. Fresh kidneys were fixed in 70% 

ethanol and embedded in paraffin, and 5-/,m sections prepared. Sections were 
incubated with 4 N HCI for 20 min, washed twice with 0.1 M sodium borate (pH 
7.6), treated with 0.01% trypsin for 3 rain, washed once with borate and twice 
with PBS, and blocked with 1% BSA in PBS as described (50). Immunohis- 
tochemical staining for BrdUrd was carried out by the immunoperoxidase 
method using an Amersham immune staining kit (Arlington Heights, IL). 

Statistical Analysis. Data presented in Tables 1-6 are means _+ SD of 
individual animals from several experiments. The numbers of animals and 
experiments are indicated in each legend. A statistical difference (P value) 
between 2 means was calculated by an unpaired, 2-tailed Student's t-test using 
each animal as an independent observation. 

RESULTS 

Effect of Folic Acid-induced Kidney Regeneration on Phorbol 
Ester Receptors and Their Distribution. Folic acid is a kidney 

toxin and a kidney-specific tumor promoter (18). Folic acid treatment 
causes an increase in kidney weight due to both hyperplasia and 
hypertrophy (35-38). The ratio of kidney weight to body weight 

increased as early as 6 h after folic acid injection and reached 165% 
of control by 24 h (Table 1). 

PKC is a major cellular receptor for tumor promoting phorbol 
esters. PKC activation correlates with its redistribution from soluble to 
particulate fractions following growth factor, hormone, or phorbol 
ester treatment (51, 52). Prolonged activation leads to increased pro- 
teolysis and depletes cellular PKC contents (down-modulation) (43, 
44). Thus, an increased ratio of particulate to soluble PKC and/or PKC 

down-modulation is a useful marker of PKC activation. To investigate 
whether activation of PKC is involved in folic acid-induced kidney 
regeneration, we measured PKC content in kidney nomogenates and 
subcellular fractions. PKC content was estimated using PDBu binding 
rather than kinase activity because quantitating PKC catalytic activity 
is complicated by the presence of PKC inhibitors in crude tissue 
samples (53) and differences in substrate specificity among the iso- 
zymes (54). It should be noted, however, that since ~-PKC does not 

have PDBu binding activity, it is not measured in this assay. Total 
PDBu receptors in kidney homogenates from folic acid-treated ani- 
mals were decreased to approximately 80% of control (Table 1). 
Down-modulation was due to a preferential loss of soluble PDBu 
receptors. Particulate fraction PDBu receptors were not significantly 
changed. These data demonstrate that down-modulation of PKC, 
which is known to be associated with increased activation, occurred in 

response to acute folic acid toxicity. 
PKC lsozyme Content and Distribution in Normal and Folic 

Acid-induced Regenerating Kidneys. To determine whether down- 
modulation of phorbol ester receptors in folic acid-induced kidney 

regeneration was due to selective loss of individual PKCs, we ana- 
lyzed PKC isozyme content and distribution by immunoblotting with 
PKC isozyme-specific antibodies. At least 5 PKC isozymes, a , /3 ,  ~, 
e, and ~, are expressed in rat kidney (Fig. 1); T- and ~-PKCs were not 

Table 1 Effects of folic acid treatment on phorbol ester binding activity and 
kidney weight 

PDBu receptors were estimated using [3H]PDBu binding assay as described in 
"Materials and Methods." Values represent the mean - SD from n animals in which 
samples were assayed in triplicate. 

Bound [3H]PDBu (pmol/mg) 

n/n 'a Control, 13/4 6 h, 11/4 24 h, 11/4 

Homogenate 0.45 - 0.07 (100) b 0.40 _+ 0.10 (89) 0.34 -+ 0.09 (76) r 
Soluble 0.59 _+ 0.06 (100) 0.45 _+ 0.17 (76) c 0.43 --_ 0.10 (73) d 
Particulate 0.44 _ 0.20 (100) 0.46 _+ 0.17 (105) 0.45 _ 0.12 (102) 
Kidney wt:body wt 4.33 + 0.28 (100) 5.65 -+ 0.77 (130) d 7.31 -+ 1.06 (165) d 

( x  103) 

"n' number of independent experiments, each of which included 2-4 animals. 
t, Numbers in parentheses are percentages of control values. 
c p < 0.01 compared to control. 
d p < 0.001 compared to control. 
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DOWN-MODULATION OF c~-PKC IN REGENERATING KIDNEY 

Fig. 1. Identification of PKC isozymes in rat kidney by immunoblot analysis. Aliquots 
of the kidney homogenates (0.1 mg protein) were separated on denaturing polyacrylamide 
gels and transferred to nitrocellulose paper. The blots were stained with PKC isozyme- 
specific antibodies. The molecular weights are indicated on the left in kilodaltons. 

Fig. 2. Immunoblot analysis of PKC isozyme subcellular distribution in kidney. Ali- 
quots (0.1 mg protein) of kidney homogenate and soluble and particulate fractions were 
separated on denaturing polyacrylamide gels and transferred to nitrocellulose paper. The 
blots were stained with PKC isozyme-specific antibodies. S, soluble; P, particulate. 

detectable by immunoblots, consistent with previous reports (8). 0- 
and )t-PKCs were not tested due to lack of appropriate reagents. 
However, 0-PKC message was not detected in mouse kidney (55); 
thus, it is likely that 0-PKC protein is not expressed. Renal A-PKC 
contents have not been reported (8). /3-PKC content was very low. 
Immunoblot analysis of dissected kidney cortex and medulla indicated 
that most of the/3-PKC was in the renal medulla rather than in the 
renal cortex (data not shown). Since the cortex is the major target for 
folic acid-induced mitogenesis, analysis of/3-PKC was not included in 
subsequent studies. 

The subcellular distribution of PKC isozymes varied (Fig. 2). Ap- 
proximately 70% of ot-PKC was recovered in the soluble fraction. In 
contrast, the majority of 8-, e-, and ~-PKCs was recovered in the 
particulate fraction. Soluble 8- and e-PKCs were barely detectable. 
Thus, soluble 8- and e-PKCs were not analyzed further. 

The contents of c~-, 8-, e-, and ~-PKCs in normal and regenerating 
kidneys were quantitated by densitometric scanning of immunoblots 
(Table 2). A representative experiment with o~-PKC is shown in Fig. 3. 
Six h after treatment with folic acid, o~-PKC content decreased to 
about 70% of control (Table 2; Fig. 3). The decrease was due primarily 
to a loss from the soluble fraction (to 49% of control level). Soluble 
c~-PKC content was partially recovered (to 74% of control level) 24 h 
after folic acid treatment. No change in the amount of particulate 
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a-PKC occurred. The decrease in a-PKC was not associated with a 
general increase in soluble proteins (which could potentially dilute the 
PKC level when expressed per unit total protein) because the decrease 
could be measured in total homogenates (Table 2). Furthermore, levels 
of soluble ff-PKC and a soluble PKC inhibitor protein were not de- 
creased in these samples. 

The contents of 3- and E-PKCs were not significantly changed in 
the kidney homogenates and particulate fractions prepared from folic 
acid-treated rats (Table 2). As stated above, these isozymes were 
preferentially recovered in the particulate fraction; 8- and e-isozyme 
contents in the soluble fraction were too low for accurate quantitation. 

ff-PKC was also reduced after 6 h of folic acid treatment (Table 2). 
In contrast to a-PKC, the ~-PKC decrease was due to a loss from the 
particulate fraction. Since ~-PKC is not a phorbol ester receptor (56- 
58), these changes do not contribute to the measured decrease in 
PDBu receptor content (Table 1). Thus, the folic acid-induced de- 
crease in renal PDBu receptors was largely attributed to down-modu- 
lation of a-PKC from the soluble fraction. 

Immunohistochemical Study of a-PKC Content and Distribu- 
tion in Normal and Regenerating Kidneys. To determine whether 
o~-PKC down-modulation in response to folic acid-induced kidney 
regeneration was localized to a specific cell type or area, we stained 
normal and regenerating kidney sections with an c~-PKC specific 
antibody. In normal tissue, c~-PKC staining is predominantly in the $3 
compared to the S1 and $2 segments of proximal tubules (53). After 
administration of folic acid, dilated proximal tubules, typical of dam- 
aged nephrons, were seen (Fig. 4). However, the overall staining 
pattern for a-PKC in normal and folic acid-treated rat kidneys was 
similar (Fig. 4). No obvious decrease of ot-PKC in specific types of 
renal cells was seen by immunofluorescence. 

Cell proliferation, as determined by incorporation of BrdUrd into 
newly synthesized DNA, was observed throughout the cortex 24 h 
after folic acid injection (Fig. 5). BrdUrd incorporation was not in- 
creased at 6 h, consistent with previous reports (35, 37). Therefore, 
down-modulation of PKC, which was measurable at 6 h (Tables 1 and 
2), preceded cell proliferation. Since no focal reduction in ot-PKC 
staining was observed by immunofluorescence, it appears that folic 
acid causes diffuse, general effects on both ot-PKC down-modulation 
and cell proliferation. 

Effect of DCVC-induced Kidney Regeneration on PKC. DCVC 
is another renal tumor promoter (40) and specifically damages the $3 
segment of renal proximal tubules (39). In contrast to the folic acid 
model, DCVC damage is concentrated in a small area. Cells imme- 
diately adjacent to the wound proliferate, dedifferentiate, and ulti- 

Table 2 Effects o f  folic acid treatment on PKC isozyme content and distribution 

Immunoreactive bands were quantitated by densitometry. The data are normalized to 
control (100%) and presented as the means • SD from n animals. 

% of control 

PKCs Control 6 h 24 h 

n/n' a 15/5 14/5 14/5 
a Homogenate 100 • 15 74 +-_ 16 b 74 +__ 14 b 
a Soluble 100 • 31 49 • 25 b 74 • 23 c 
a Particulate 100 • 14 98 • 26 101 ___ 29 

n/n' 12/4 11/4 11/4 
8 Homogenate 100 + 16 103 ___ 27 117 • 41 
e Homogenate 100 • 26 81 • 28 84 _+ 38 

n/n' 11/3 9/3 9/3 
Homogenate 100 _ 15 74 _ 19 a 84 ___ 23 
Soluble 100 • 11 94 �9 38 81 ___ 19 
Particulate 100 • 20 73 ~ 25 c 100 • 35 

an', number of independent experiments, each of which included 2-4 animals. 
b p < 0.001 compared to control. 
c p < 0.03 compared to control. 
a p = 0.002 compared to control. 
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DOWN-MODULATION OF a-PKC IN REGENERATING KIDNEY 

Effect of Folic Acid Damage on Rat Kidney c~-PKC 

Fig. 3. Immunoblot analysis of effects of folic acid treatment on ouPKC content. 
Kidney homogenate and soluble and particulate fractions were prepared as described in 
"Materials and Methods." Aliquots of samples (0.1 mg protein) were separated on dena- 
turing polyacrylamide gels and transferred to nitrocellulose paper. The blots were stained 
with a mixture of anti-a-PKC antibodies directed towards the catalytic domain (M6) and 
regulatory domain (M9). Samples in each lane were from individual rats in one experi- 
ment. Similar results were obtained in 4 additional experiments. The quantitative data 
from all experimental animals are presented in Table 2. 

days after treatment. Data from samples taken at day 5, when vimentin 
and aFGF expressions were maximal, 4 are shown in Tables 3 and 4. 

Since the proportion of proliferating cells induced by DCVC treat- 
ment is small, effects on PKC may be difficult to detect in total tissue 
homogenates. Immunohistochemical studies were used to determine 
whether DCVC treatment caused a-PKC down-modulation in dam- 
aged $3 segments. The intensity of ot-PKC staining in the DCVC- 
damaged tubules was slightly reduced compared to neighboring nor- 
mal tubules (Fig. 7). This may reflect ot-PKC down-modulation, 
however, we cannot exclude the possibility that the reduced cell 
density in the regenerating tubules contributes to the apparent de- 
crease in immunofluorescence. 

Effect of Unilateral Nephrectomy on PKC. Folic acid induces 
both hyperplasia and hypertrophy in kidney. Unilateral nephrectomy 
causes enlargement of the remaining kidney; cell proliferation does 
not substantially contribute to the increased size (41). Therefore, 
kidney hypertrophy induced by unilateral nephrectomy was investi- 
gated to determine whether the change in PKC content was associated 
with the mitogenic or hypertrophic response to folic acid treatment. 
The remnant kidney weight was used as a marker of hypertrophy. The 
ratio of the remnant kidney weight to body weight increased 14% 
(P = 0.01) (Table 5) 24 h after surgery. In sham-operated animals, the 
ratio of kidney weight to body weight increased slightly (6%) but not 
significantly (P > 0.05). PDBu receptor content and distribution 
between the soluble and particulate fractions were not influenced by 
unilateral nephreetomy or sham operations (Table 5). 

Immunoblot analyses indicated that cz-PKC content and distribution 
were not influenced in hypertrophied or sham-operated kidneys (Table 
6). Immunohistochemical staining of o~-PKC showed a similar pattern 
and intensity in sections from hypertrophied and control kidneys (Fig. 
4). Thus, down-modulation of cz-PKC is not associated with renal 
hypertrophy. No changes in the other calcium-dependent PKC, 
/3-PKC, were noted either (data not shown). 

8-, r and ~-PKC contents in homogenate and particulate frac- 
tions were increased in hypertrophied kidneys compared to control 
kidneys (Table 6). However, small increases, which in most cases 
were not statistically significant, were also noted for kidneys from 
sham-operated animals compared to controls. Direct comparison of 
hypertrophied to sham-operated animals demonstrated that the only 
statistically significant effect of hypertrophy was the increase in 
r Thus, the increases in 8-, e-, and ~-PKCs in hypertrophied 
kidneys may be partially due to the handling and stress accompanying 
surgery. 

mately repopulate the wounded area (59). DCVC damage is associ- 
ated with increased vimentin expression (59), which does not occur 
with the folic acid-induced obstructive nephropathy (37). Increased 
vimentin expression has been shown to correlate with kidney dedif- 
ferentiation, regenerative responses, and neoplastic conversion in both 
rat and human renal tubule cells (37, 60). The regenerating, vimentin- 
positive cells also express aFGF 4 (61), a known activator of PKC 
signaling pathways (62, 63). DCVC-mediated increase in vimentin 
expression was maximal 5 days after treatment (Fig. 6). Immunohis- 
tochemical studies indicated that vimentin expression was increased 
only in the damaged $3 segments of proximal tubules (Fig. 7), con- 
sistent with previous results (59). Cells sloughing from the damaged 
tubules were seen at higher magnifications. 

DCVC damage did not cause measurable changes in the content or 
distribution of phorbol ester receptors or PKC isozymes from 1 to 5 

4 T. Ichimura and J. L. Stevens, Fibroblast growth factor type-1 is expressed during 
regeneration of the proximal tubule epithelium and during embryonic nephrogenesis, 
manuscript in preparation. 

DISCUSSION 

Protein kinase C is known to be a potent tumor promoting phorbol 
ester receptor, suggesting that PKC may play a role in tumorigenesis. 
Because wounding and repair are related to the promotional phase of 
tumor progression, we used chemical-induced renal wounding and 
repair as a model to determine whether alterations in PKC content and 
activation may be an underlying factor in kidney regeneration. Acti- 
vation of PKC is associated with redistribution from the soluble to 
particulate fractions (51, 52). Prolonged activation increases proteo- 
lytic degradation and consequently down-modulates PKC (43, 44). 
Thus, redistribution and down-modulation of PKC can be used as 
markers of PKC activation. In this study, we have investigated normal 
and regenerating kidneys with respect to total phorbol ester binding 
activity, PKC isozyme content, and subcellular distribution. 

Folic acid is rapidly concentrated in the kidney and precipitated in 
the tubules as urinary pH drops causing obstructive nephropathy. Folic 
acid is a potent mitogen (35, 37) and renal tumor promoter (18). The 
mechanism of tissue injury and the relationship between mitogenesis 
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DOWN-MODULATION OF ~-PKC IN REGENERATING KIDNEY 

Control Folic Acid, 6 h 

Fig. 4. lmmunohistochemical analysis of ~e-PKC 
in kidney sections from normal, folic acid-treated, 
and hypertrophied rats. Kidney sections were pre- 
pared from normal and treated rats. Purified anti-~e- 
PKC catalytic domain antibody M4 was used to stain 
sections. Kidney sections show renal cortex contain- 
ing glorneruli, S1, and $2 segments of proximal tu- 
bules and distal tubules. Original photographs were 
taken with a • 16 objective lens. Arrowheads, dam- 
aged tubules in sections from folic acid-treated rats. 

Unilateral Nephrectomy Folic Acid, 24 h 

Fig. 5. Incorporation of BrdUrd into kidneys 
from normal and folic acid-treated rats. BrdUrd was 
injected into control (A) and folic acid-treated rats 
(24-h treatment) (B) 2 h before sacrifice. Kidney 
sections were prepared, fixed, and stained with anti- 
BrdUrd antibody as described in "Materials and 
Methods.' A representative field of renal cortex is 
showll .  

A 

4 

0 1 2 3 5 7 10  13  2 0  
Days 

Fig. 6. Immunoblot analysis of expression of vimentin in normal and regenerating 
kidneys after DCVC treatment. Kidney homogenates were prepared, and aliquots (0.1 mg 
protein) were separated on denaturing polyacrylamide gels and transferred to nitrocellu- 
lose paper. Immunoblots were stained with anti-vimentin monoclonal antibody. 

and tumor promotion are not entirely known;  however,  carcinogenesis  

is often associated with tissue toxicity and cell proliferation (22-24),  

particularly in the kidney (34). We demonstrated decreased PDBu 

receptors in kidney after folic acid treatment.  The decrease in PDBu 

receptors was due largely to a loss of  ot-PKC. The contents of  8- and 

e-PKCs were  not changed. Al though ~-PKC content  was also de- 

creased, this decrease did not contribute to a loss of  phorbol ester 

receptors since ~-PKC is not a phorbol ester receptor (56-58).  The 

observation that unilateral nephrec tomy- induced  renal hypert rophy 

does not cause a - P K C  down-modula t ion  allows us to conclude that 

the folic acid effect is due to renal hyperplasia and not hypertrophy. To 

better understand the biochemical  basis for o~-PKC down-modulat ion,  

we have also compared oe-PKC content  in primary cultures of  growing 

and quiescent RPTE. 5 These studies demonstrated that o~-PKC protein 

(but not message)  levels were partially down-modula ted  in growing 

versus confluent cells, and indicated that post-translational rather than 

transcriptional events are the primary regulators o f  o~-PKC down- 

modulation.  Pulse-chase immunoprecipi ta t ion experiments  were  used 

to determine that down-modulat ion was due to increased proteolysis 

in the growing RPTE. Phorbol esters st imulated o~-PKC degradation, 

thus demonstrat ing a close correlation be tween increased activity and 

increased degradation rate. Taken together, the whole  animal studies 

and the cell culture studies suggest  that chronic act ivation/down- 

modulat ion of  PKC, in particular o~-PKC, may  be an important signal 

for RPTE mitogenic  responses. 

The decreases in phorbol ester receptors and ot-PKC content  oc- 

curred within 6 h after folic acid treatment,  long before D N A  synthesis 

begins. Folic acid treatment also leads to rapid induction of  renal 

pr imary response gene expression, e.g., los ,  myc,  and TIS 1, 8, and 11 

5 L. Dong, J. L. Stevens, D. Fabbro, and S. Jaken. Protein kinase C expression and 
down-modulation in growing, quiescent and transformed renal proximal tubule epithelial 
cells, submitted for publication. 
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DOWN-MODULATION OF a-PKC IN REGENERATING KIDNEY 

Virnentin ~-PKC 

Control 

Fig. 7. Immunohistochemical analysis of ex- 
pression of vimentin and a-PKC in normal and 
regenerating kidneys after DCVC treatment. Kid- 
ney sections from normal and 5-day DCVC-treated 
rats were fixed and stained with anti-vimentin (left) 
or a-PKC antibody (right). The area shown con- 
tains the $3 segments of proximal tubules that stain 
more intensely for a-PKC than other proximal or 
distal tubule segments (53). Original photographs 
were taken with a X 16 objcctive lens (top and 
middle) or a x 40 objective lens (bottom). Arrows, 
same tubules in middle and bottom panels. 

DCVC 

DCVC 

Table 3 Effects of DCVC treatment on phorbol ester binding activity and 
kidney weight 

Phorbol ester binding activities were assayed as described in "Materials and Methods," 
Values represent the mean + SD from n animals in which samples were assayed in 
triplicate. 

Table 4 Effects of DCVC treatment on PKC iso~me content and distribution 

Immunoblots were quantitated by densitometry. Data are normalized using control 
value as 100%. Each value represents the mean _+ SD from n animals. 

% of control 

Bound [3H]PDBu (pmol/mg) PKCs Control 5-day 

n/n 'a Control, 10/4 5 day, 9/4 

Homogenate 0.48 • 0.09 (100) b 0.56 • 0.15 (116) 
Soluble 0.64 _+ 0.10 (100) 0.76 -+ 0.19 (118) 
Particulate 0.44 ___ 0.17 (100) 0.46 • 0.12 (105) 
Kidney wt:body wt (x103) 4.34 • 0.25 (100) 5.04 -+ 0.54 (116) c 

'~ n', number of independent experiments, each of which included 2-4 animals. 
b Numbers in parentheses, percentages of control values. 
c p < 0.05 compared to control. 

genes (32, 33), with maximal  responses at 3, 12-18,  and 2 -4  h, 

respectively. Activat ion o f  PKC is associated with induction of  each o f  

these genes (64--66). These data indicate that activation of  PKC may  

be an early event  related to expression of  immediate  early response 

genes associated with entry of  quiescent cells into the cell cycle. Our 

results indicate that a - P K C  in particular may  play a significant role. 

Unilateral nephrec tomy causes renal hypertrophy. Twenty-four  h 

after surgery, ca lc ium-independent  PKCs (6, e, and ~) were  increased 

in the particulate fraction, but no effects on ca lc ium-dependent  PKCs 

( a  and /3)  were  detectable. However,  the particulate fraction-associ- 

ated 6-, E-, and ~-PKCs were  also increased in kidneys from sham- 

operated animals, suggesting that mechanica l  stress may  regulate 

these PKCs. Previous reports demonstrated that sham operation in- 

duced gene expression in kidney, including TIS (33) and hepatocyte  

growth factor (67). Thus, mechanica l  stress may  also be an important 

factor in regulation of  growth factor expression and activation o f  

PKC. 

n/n' a 6/3 6/3 
a Homogenate 100 -+ 17 109 - 37 
a Soluble 100 -+ 33 152 - 39 b 
a Particulate 100 +__ 10 96 _+ 22 

n/n' 4/2 4/2 
8 Homogenate 100 --- 19 125 - 39 

Homogenate 100 • 30 95 --- 27 

n/n' 4/2 4/2 
Homogenate 100 - 14 146 - 48 
Soluble 100 • 10 120 • 10 
Particulate 100 -+ 3 75 • 26 

"n, number of animals used; n', number of independent experiments, 
included 2 animals. 

bp < 0.05 compared to control. 

each of which 

Activat ion of  PKC in response to tissue damage implies that en- 

dogenous  activators of  PKC are released during the wounding  and 

repair responses. Renal tissue damage triggers increased expression of  

rfiRNA or protein for epidermal  growth factor (68), aFGF (61), insu- 

lin-like growth factor-I (69), and hepatocyte  growth factor and its 

receptor  (67, 70). Epidermal  growth factor, aFGF, insulin, and insulin- 

like growth factor-I activate PKC in a variety of  cells (8) and stimulate 

D N A  synthesis o f  cultured RPTE (71, 72). Phorbol esters also stimu- 

late D N A  synthesis in cultured RPTE in the presence of  insulin, 5 

indicating that PKC signaling is involved in the mitogenic  program. 

Thus, PKC may  be involved in renal regenerat ion through damage-  

related release of  growth factors that act as mitogens through direct 

activation of  PKC signaling pathways.  Accord ing  to this model,  
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DOWN-MODULATION OF c~-PKC IN REGENERATING KIDNEY 

Table 5 Effects of  unilateral nephrectomy on phorbol ester binding activity and 
kidney weight 

Immunoblots were quantitated by densitometry. Data are normalized to control value 
as 100%. Values represent the mean _+ SD from n animals. 

Bound [3H]PDBu (pmol/mg) 

n/n' Control, 7/3 Hypertrophy, 24 h, 6/3 Sham, 24 h, 5/3 

Homogenate 0.46 ___ 0.10 (100) 0.49 +-- 0.15 (107) 0.53 _+ 0.13 (115) 
Soluble 0.63 +_ 0.18 (100) 0.70 - 0.14 (111) 0.79 - 0.07 (125) 
Particulate 0.45 • 0.22 (100) 0.42 • 0.14 (93) 0.43 - 0.16 (96) 
Kidney wt:body wt 4.04 _+ 0.15 (100) 4.62 __- 0.46 (114) b 4.28 + 0.32 (106) 

(X 103) 

an', number of independent experiments, each of which included 2 animals. 
b p = 0.01 compared to control value. 

Table 6 Effects o f  unilateral nephrectomy on PKC isozyme content and distribution 

Immunoblots were quantitated by densitometry. Data are normalized to control value 
as 100%. Values represent the mean -4- SD from n animals. 

% of control 

PKCs Control  Hypertrophy, 24 h Sham, 24 h 

n/n' a 12/4 10/4 7/3 
a Homogenate 100 -+ 12 124 ~ 21 108 -+ 18 
e~ Soluble 100 --_ 15 98 _ 24 99 _+ 15 
ot Particulate 100 +__ 20 104 +__ 47 96 +_. 15 

n/n' 10/3 8/3 6/2 
ot Homogenate 100 _+ 19 175 +_ 63 b 129 • 39 

n/n' 12/4 10/4 7/3 
Homogenate 100 --_ 16 153 -_+ 34 c'd 113 • 19 

n/n' 10/3 8/3 7/3 
Homogenate 100 -+ 17 118 - 28 109 + 24 
Soluble 100 --- 11 119 + 29 88 -+ 21 
Particulate 100 +-- 25 137 +_ 25 b 138 +-- 28 b 

"n', number of independent experiments, each of which included 2 animals. 
b p < 0.01 compared to control. 
c p < 0.001 compared to control. 
a p < 0.05 compared to sham-operated control. 

growth factors wou ld  activate PKC signaling pa thways  associated 

with increased proliferation and tumor promotion.  

Prolonged,  repeated applications of  phorbol  esters (or diacylglyc-  10. 

erol) are necessary for mouse  skin tumor  promot ion (1). Compar ison  

of  dosing regimens of  phorbol  esters and diacylglycerol  was  used to 

demonstra te  a close associat ion be tween  P K C  down-modulat ion,  hy- 11. 

perplasia, and tumor promot ion  in mouse  skin (73). P K C  was  also 

down-modula ted  in early emergence papil lomas,  and this was  asso- 12. 
ciated with specific losses of  o~- and {3-PKCs (74). In cultured JB6 

epidermal  cells, promot ion  of  cells to anchorage- independent  growth 

required prolonged phorbol  ester treatment that correlated with PKC 
13. 

down-modula t ion  (75). Down-modula t ion  of  P K C  activity has been 

reported in human colonic  cancer (76) and chemical ly  induced rat 14. 

colonic  tumors  (77). These  data indicate a close association be tween  

P K C  down-modula t ion  and tumor promotion.  15. 

The partial down-modula t ion  effects observed  in mouse  skin and 

kidney could potentially influence cell growth in 2 ways.  Severe 

down-modula t ion  is associated with attenuation of  PKC-di rec ted  re- 16. 

sponses  (8). Thus, down-modula t ion  may provide  a permiss ive envi- 

ronment  for proliferation by  removing a growth inhibitory effect  o f  17. 
PKC.  Alternatively, the partial down-modula t ion  may be a reflection 

o f  increased activation (and consequently,  turnover)  that is causat ive 18. 

in the proliferative response.  In kidney, the second alternative seems 

most  likely, since: (a)  the decrease in P D B u  binding was  only 20%; 

and (b)  P D B u  stimulated proliferation of  cultured renal proximal  
19. 

tubule epithelial cells, 6 suggest ing that PKCs  are related to growth 

st imulatory rather than growth inhibitory pathways.  Furthermore,  

a - P K C  was  partially down-modula ted  in proliferating primary RPTEs  
20. 

compared  to quiescent  cultures. 5 Down-modula t ion  was  not associ-  

ated with a decrease in o~-PKC message,  but  was  associated with 21. 
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increased turnover of  o~-PKC protein. 5 These  results substantiate the 

association be tween  a - P K C  act ivat ion-induced (partial) down-modu-  

lation and induction of  R P T E  proliferation. 

In summary,  we  have demonstra ted that down-modula t ion  of  PKC,  

in particular a - P K C ,  prior to cell proliferation occurs  in kidney re- 

generation fol lowing folic acid injection. No  similar effect was  ob- 

served in compensa tory  hyper t rophy fo l lowing unilateral nephrec- 

tomy. These  results suggest  that activation associated down-  

modula t ion of  PKC,  especial ly ot-PKC, plays an important  role in cell 

proliferation. Given the close association be tween  wound ing  and tu- 

mor  promot ion in rat kidney, these data provide general  support  for the 

activation of  PKC i sozymes  during non-phorbol  ester tumor  promo-  

tion. We postulate that growth factor-mediated activation o f  P K C  may 

be an important contributor to tumor promot ion  during chemical  or 

mechanical  wounding.  Addit ional  exper iments  are ongoing to test this 

hypothesis.  
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