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ABSTRACT

Proteasomes and ubiquitin (Ub) are essential components of the en
ergy- dependent, nonlysosomal proteolytic pathway. To clarify the phys
iological role of this proteasome/Ub-dependent pathway, we measured
the levels of expressions of proteasomes and Ub in human renal cancers
by Northern blot and immunochemical analyses. The mRNAs for two of
the multiple subunits of proteasomes, C2 and C9, were expressed at
abnormally high levels in most neoplastic lesions of patients with various
primary renal cell carcinomas and in all renal cancer cell lines examined.
However, no significant difference was found by enzyme immunoassay in
the proteasomal contents of cancerous and normal parts of the kidney.
The levels of mRNAs for the subunits of proteasomes were high in
rapidly proliferating renal cells and appeared to be correlated with the
activities of these cells for proteasome synthesis, but the cellular contents
of proteasomes in these cells were normal, suggesting rapid turnover of
proteasomes in rapidly proliferating cancer cells. Consistent with the
increased expressions of proteasomal mRNAs, the expressions of three
Ub genes, mono-UbAm, mono-UbA^, and poly-UbC, were found to be
greatly increased in these renal cancer cells. Immunohistochemical stain
ing of normal kidney showed that the levels of both proteasomes and Ub
were high in cells of renal tubules and collecting ducts, but low in the
glomerulus. The levels of both proteins appeared to be considerably
increased in the nuclei of granular and clear carcinoma cells of the kidney.
Moreover, the profiles of cellular proteins conjugated with Ub in normal
kidney tissues were different from those in cancerous parts of the kidney
and in established renal cancer cells. These results suggest that the
proteasome- and ubiquitin-mediated system is functionally involved in
the cancerous state in human kidney.

INTRODUCTION

Proteasomes are large particles with a sedimentation coeffi
cient of 20S and consist of complexes of multiple subunits with
many proteolytic sites (1-3). They are widely distributed in
eukaryotes ranging from yeast to humans (4), and their primary
structures have been markedly conserved during evolution (3,
5-7), suggesting their fundamental roles in biological processes.
Ub1 is also a highly conserved protein of 76 amino acid residues

that becomes attached covalently to various target proteins of
a Ub-protein ligase system, consisting of Ub-activating enzyme
(El), Ub carrier protein (E2), and Ub-protein ligase (E3) (8).
One clear function of Ub is its role in an energy-dependent,
nonlysosomal proteolytic pathway; its ligation to substrate pro
teins serves as a signal for their proteolytic degradation. Re
cently, evidence was obtained that proteasomes are responsible
for ATP-, Ub-dependent degradation of proteins; anti-protea-
some antibodies were shown to suppress this degradation (9-
11), and abnormal accumulation of Ub-protein conjugates was
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observed in a yeast mutant lacking the chymotrypsin-like activ
ity of proteasomes (12). Moreover, unusually large protease
complexes of 26S that catalyzed ATP-dependent degradation
of various proteins conjugated with Ub have been reported (13,
14), and 20S proteasomes have been shown to be components
of these 26S proteolytic complexes ( 15-17). Thus, proteasomes
and Ub appear to function as critical parts of an ATP-dependent
proteolytic pathway; Ub serves as a signal for degradation of
proteins, and proteasomes catalyze the breakdown of the ubi-
quitinated proteins, metabolic energy being required for both
steps.

Other studies have suggested that proteasomes and Ub also
have important roles in various nonproteolytic functions. Pro
teasomes are identical to the ribonucleoprotein particles named
"prosomes" (18, 19) that are thought to regulate the transla-

tional activities of cytoplasmic mRNAs (for a review, see Ref.
20). Ub has been found to be involved in many apparently
distinct functions, such as DNA repair (21), cell cycle progres
sion (22), modification of polypeptide receptors (23), and bio
genesis of ribosomes (24). Recently, we (6) and others (12, 25)
reported that deletion of certain proteasomal subunit genes
resulted in recessive lethality in yeast. Moreover, one subunit
of yeast proteasomes was found to be identical to that of the
suppressor gene scll+ of Saccharomyces cerevisiae (26).

Proteasome expression has also been found to be abnormally
high in human leukemic cells (27), although it is unknown
whether this increase is related to the Ub-mediated pathway or
to a nonproteolytic function(s). In eukaryotic cells, proteolysis
is known to be involved in the cell cycle. Nuclear oncoproteins,
such as c-myc and c-fos, and p53 antioncoprotein, which are
required for regulation of cell growth, are degraded rapidly in
an energy-dependent fashion (28, 29). Cyclin, which is essential
for mitosis, was demostrated to be degraded by the Ub pathway
(30). Moreover, various other lines of evidence have suggested
that Ub is related to cell cycle events. Inactivation of El caused
abnormal chromosomal condensation (31), and some species
of E2 were found to be identical to the RAD6 gene product (21)
and CDC34 protein (22). Thus the ATP/Ub/proteasome-de-
pendent proteolytic pathway is probably involved in cell
proliferation.

In the present study, to obtain information on the roles of
proteasomes and Ub in cell proliferation and cancer, we ex
amined the expressions of genes for proteasome subunits and
Ub in normal and neoplastic regions of human kidney by
Northern blot and immunochemical analyses.

MATERIALS AND METHODS

Materials. Normal and neoplastic parts of the kidneys from patients
with various primary renal cancers were obtained at surgery, prompty
frozen in liquid nitrogen, and stored at -70Â°C until use. [Â«-32P]dCTP
(110 TBq/mmol), |35S]Met (37TBq/mmol), and Hybond-N+ nylon

membranes were from Amersham Corp., and various restriction endon-
ucleases were from Toyobo (Tokyo, Japan) and Takara Shuzo (Kyoto,
Japan).

6677

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/24/6677/2446230/cr0510246677.pdf by guest on 19 M

ay 2023



PROTEASOMES AND UBIQUITIN IN RENAL CANCER

Cells and Cell Culture. The human renal adenocarcinoma cell lines
used in this study have been characterized. KPK-1 and KPK-13 cells
were gifts from Dr. S. Naito (Kyushu University, School of Medicine,
Japan) (32). ACHN, A-704, Caki-1, and Caki-2 cells were obtained
from the American Type Culture Collection. Caki-1 and Caki-2 cells
were grown as monolayers to a subconfluent state in Falcon tissue
culture dishes in McCoy's 5A medium supplemented with 10% fetal

bovine serum, and KPK-1, KPK-13 cells, ACHN, and A-704 cells were
cultured in RPMI 1640 with 10% fetal bovine serum. These cultured
cells were washed briefly with ice-cold phosphate-buffered saline, har
vested with a rubber policeman, frozen in liquid nitrogen, and stored
at -70'C until use.

RNA Blot Hybridization. Total RNA was extracted from human cells
and tissues by the guanidinium thiocyanate/cesium chloride method
(33). Samples of 5 Mg of RNA were denatured and separated by
electrophoresis on agarose gel containing formaldehyde. Then the
RNAs were transferred to a Hybond-N+ nylon membrane (Amersham
Corp.) and hybridized with "P-labeled probes in conditions similar to
those described previously (5). For Northern blot analysis of protea-
somes, the cDNAs for the subunits C2 (5) and C9 (34) of rat protea-
somes were used. For analysis of Ub mRNAs, three cDNAs were used.
One was that of a poly-UbB cDNA that included the open reading
frame for three repeated Ub coding regions joined head to tail. The
other two were about 250 base pairs long, corresponding to the COOH-
terminal extension sequences (UBCP) of mono-t/o/lgo cDNA and mono-
UbA-,2cDNA, which consisted of a complete Ub coding region and
additional basic sequences encoding 80- and 52-amino acid residues,
respectively, fused to the COOH-terminal of Ub in a single open reading
frame (for details, see text). We isolated cDNAs corresponding to the
poly-UbB and mono-UbAso genes (35, 36) by screening a human cDNA
library with an oligonucleotide of Ub as a probe.4 UBCP-DNA of

mono-UbA52 was synthesized by the polymerase chain reaction using a
reported sequence (37). These probes were labeled with a commercial
kit for multiprime DNA labeling (Takara Shuzo). The membranes were
washed as described (5) and autoradiographed with Kodak XAR-5 film
at â€”¿�70Â°Cusing an intensifying screen.

Immunological Methods. Human liver proteasomes were purified and
injected into rabbits to generate polyclonal antisera (4). mAb against
the purified human liver proteasomes was produced in mouse hybrid-
oma cells by a standard method and named mAb 2-17 (27). The mAb
2-17 used reacted specifically with the largest component (C2; Mr,
31,000) of human proteasomes (27). For isolation of mAb against
human Ub, Ub was produced in Escherichia coli by expressing a
multicopy plasmid carrying UbB cDNA and was purifiai by conven
tional Chromatographie techniques. Anti-Ub mAb was produced in
mouse hybridoma cells and named mAb-KM680. For examining the
specificity of anti-Ub mAb, the Ub-lysozyme conjugates were prepared
by incubating lysozyme iodinated with Na'"I, Ub, and ATP with a Ub-

protein ligation system consisting of El. E2, and E3 as described
previously.5

The proteasome content of cultured cells was measured quantitatively
by sandwich enzyme immunoassay with monoclonal and polyclonal
antibodies using purified liver proteasomes as a standard (27). Normal
and neoplastic parts of the kidney of patients with various types of
primary renal cancers were examined. The specimens of kidney were
homogenized in 50 mM Tris-HCI buffer (pH 7.4) containing 1 ITIM
dithiothreitol and 0.25 M sucrose in a Polytron homogenizer. The
homogenates were centrifuged at 20,000 x g for 30 min at 4Â°C,and

the resulting supernatants were used for determination of proteasome
concentrations by enzyme immunoassay. Cell lysates of cultured cells
were prepared by a similar procedure except that the cells were dis
rupted by sonication in the above buffer without sucrose. Protein
contents were measured by the method of Bradford (38) with bovine
serum albumin as a standard.

Immunoelectrophoretic blot analysis was carried out by the method
of Towbin et al. (39). Samples separated by SDS-PAGE in 10-20%

4 Unpublished observations.
5T. Jamura. K. Tanaka, N. Tanahashi. and A. Ichihara. Improved method for

preparation of ubiquitin-ligated lysozyme as substrate of ATP-dependent prote-
olysis. FEBS Lett., in press. 1991.

gradient gel were transferred electrophoretically to Durapore mem
branes (Millipore) with a Semi Dry Electroblotter (Sartorius). The
membranes were pretreated with Block Ace and then treated with mAb
2-17, mAb-KM680, or anti-proteasomal polyclonal antibodies, and
anti-mouse or anti-rabbit IgGs conjugated with alkaline phosphatase
of a ProtoBlot immunoblotting system (Promega Biotec). They were
then washed extensively with buffer containing 0.05% Tween 20 and
stained by the alkaline phosphatase reaction, which stained protea
somes and Ub purple.

For immunohistochemical staining, various tissues obtained sur
gically from patients were fixed with 10% neutralized formaldehyde in
0.1 M phosphate buffer and embedded in paraffin. Serial sections of the
tissues were stained immunohistochemically by the avidin-biotin-per-
oxidase complex method (Vector Laboratories, Inc.) (40). Tissues were
treated with mixtures of culture media containing four monoclonal
antibodies against human proteasomes (27) or anti-human Ub mAb
KM680. For detection of proteasomes and Ub, the sections were
washed extensively and treated by the peroxidase reaction with 3,3'-

diaminobenzidine, which stained proteasomes and Ub brown. Inumi
nocytochemical staining was performed by essentially the same method,
except that the cultured cells were fixed with methanol and counter-
stained with Mayer's hematoxylin solution. Cellular DNA was stained

with DAPI (41) and observed by fluorescence microscopy.
Measurement of Synthesis of Proteasomes. For measurement of

proteasome synthesis, cells were labeled with ["SJmethionine (3.7
MBq/ml) for 3 h in RPMI 1640 modified by the addition of one-tenth
of the standard concentration of unlabeled methionine. In immunopre-
cipitation experiments, the soluble extracts from two cells with approx
imately 5 x IO6 cpm of radioactivity incorporated in acid-insoluble

materials were first treated with nonimmunized mouse IgG and protein
A-Sepharose CL4B to remove proteins with nonspecific absorption.
The supernatant obtained by centrifugation was mixed at room tem
perature for 60 min with 5 Â¿igof anti-proteasome mAb 2-17 and then
for 30 min with protein A-Sepharose CL4B at a concentration corre
sponding to twice the binding capacity of the added IgG. The resulting
precipitates were washed extensively with 50 miviTris-HCI buffer (pH
7.5) containing 0.15 M NaCl and 0.05% Tween 20 and then solubilized
in 400 n\ of 20 mM glycine-HCI buffer (pH 3.0) containing 0.15 M
NaCl. The solubilized proteins were precipitated with cold acetone and
subjected to SDS-PAGE (10-20% gradient gel). After electrophoresis,
the gels were treated with Enlightning (New England Nuclear Research
Products), dried, and subjected to fluorography.

RESULTS

Expressions of Proteasome and Ubiquitin Genes in Renal
Cancer Cells. To measure the levels of mRNAs encoding pro-
teasomal proteins, we used two full-length cDNAs for subunits
C2 and C9 of the rat liver proteasome complex (5, 34). For
exact comparison of the expression levels of subunits of protea
some genes in neoplastic and normal tissues, Northern blot
analysis was performed using normal and neoplastic parts of
the same kidney from patients with various types of primary
cancer. Relevant clinical and cytogenetic data on these patients
are shown in Table 1. The sizes of mRNAs hybridized to the
cDNAs encoding C2 and C9 were approximately 1.35 and 1.34
kilobases, respectively. The levels of these mRNAs were in
creased in eight neoplastic lesions from ten patients with var
ious types of renal cell carcinoma and in all six renal malignant
tumor cell lines examined (Fig. 1). Similarly increased expres
sions were observed, by Northern blot analyses, with the use of
cDNAs for two other proteasomal subunits, C3 and C8 (data
not shown), suggesting increases of all proteasomal subunits in
tumor cells.

Next, we examined the levels of expression of Ub genes using
the same RNA-transblotted filters as in the above experiments,
because proteasomes and Ub may be involved in the same
metabolic pathway of protein turnover, as described in the
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Table 1 Clinical and cytogenetic data on patients with various renal cell
carcinomas and proleasome contents in normal and neoplastic parts of their

kidneys
Proteasomes"(figVmg

protein)I234567891011121314/Age7270755847616575583855577658SexMMFFFFMMMMMMMMUnknownClear

cell, G1eGranularceli,

G2Clear
cell.GÃ¬Clear
cell.GÃ¬Clear
cell.GÃ¬Granularceli,

GÃ¬Clear
cell.GÃ¬Clear
cell,GlClear
cell, G1Mixed,

G2Clear,
G1Clear,

GÃ¬Pleomorphic,
G3Metastasis(-)H(-)(-)(-)(-)(+)bone(-)(+)

bone(-)(+)

liver(-)(-)(+)

lungNormalTissue6.87.56.26.99.27.26.67.27.7TumorTissue8.27.57.85.59.06.93.88.25.6
' Proteasome contents were measured quantitatively by enzyme immunoassay

as described in "Materials and Methods."
* ng equivalents of human liver enzyme.
0G1, G2 and G3, state of progression of cancer cells judged by histologically:

grade of atypia, G 3 > G2 > Gl.

"Introduction." To measure the levels of mRNAs for Ub, we

used three human Ub cDNAs as probes: one, Ub-cDNA, en
codes three repeats of the Ub moiety derived from the poly-
UbB gene; the others, two UBCP-cDNAs, encode the carboxyl-
terminal precursor proteins of the mono-UbAso and mono-UbA^
genes corresponding to small and large ribosomal proteins,

respectively (24). On Northern blot analysis with Ub-cDNA,
two distinct bands of 2.6 and 1.2 kilobases were found in total
RNAs extracted from human kidney, whereas with the UBCP-
UbAso and UBCP-UbA52 probes, mRNAs with approximately
similar lengths of 0.6 kilobase were detected (Fig. 1). The sizes
of these mRNAs, 2.6, 1.2, and 0.6 kilobases, coincided with
those ofpoly-UbC,poly-UbB, and two mono-UbAs, respectively,
reported previously (35-37). Interestingly, the expressions of
the two mono-UbA genes were abnormally high in cancerous
parts of the kidneys of most patients (Fig. 1). Moreover, the
expression of the largest poly-UbC gene, including nine repeats
of the Ub moiety, was also greatly increased in all cases exam
ined. However, no significant alteration in the mRNA level of
the poly-UbB gene was observed. RNA blot hybridizations with
the three Ub-cDNAs showed that the levels of mRNAs encod
ing mono-UbA8o, mono-UbA^, and poly-UbC in human renal
adenocarcinoma cell lines, such as KPK-1, KPK-13, ACHN,
and A-704 cells, and clear cell carcinoma Caki-1 and Caki-2
cells were much higher than those in normal kidney (Fig. 1).
The enhanced expressions of the Ub-A and Ub-C genes in
cultured tumor cell lines appeared to be consistent with those
of proteasome subunits C2 and C9. Thus, the expressions of
genes for proteasome subunits and Ubs seemed to be increased
in both primary renal tumors and established lines of renal
adenocarcinoma.

Cellular Contents and Rates of Synthesis of Proteasomes in
Various Renal Carcinoma Cells. We then examined the changes
of proteasomal mRNA levels in cancer cells to determine

Case No 12345678 9 10iâ€”iiâ€”iiâ€”iiâ€”iiâ€”iiâ€”ii i i i iâ€”iiâ€”i
TNTN TNTN TNTN TNTN TNTN

C2 â€”¿�

C9 â€”¿�

Ub-C
Ub-B

â€”¿�1.35kb

â€”¿�1.34kb

f â€¢¿�Â»-â€¢

Ã¬ftt*
. â€¢¿�-*â€¢â€¢- -
ltftlfttt ti*tiitttt -

â€”¿�2.6kb

1.2kb

Ub-A52 - * â€¢¿�Â».*â€¢-Â»-â€¢*â€¢â€¢*â€¢mmÂ»

â€”¿�0.6kb

â€”¿�0.6kb

""

Fig. 1. Levels of mRNAs for proteasome subunits and Ub in various renal primary cancers and renal cancer cell lines. Total RNAs (5 Mg)extracted from normal(N) and neoplastic (7") parts of the kidneys often patients with various renal cell carcinomas and six renal cancer cell lines were examined by Northern blot analysis.

Clinical and histological data on the patients are listed in Table 1. RNA blot hybridization and the probes used for measuring mRNAs of proteasome subunits C2
and C9 and four Ubs (mono-UbAgo, mono-UbA52, poly-UbB, and poly-UbC) are described in "Materials and Methods." Right ordinate, mRNA sizes deduced from

the electrophoretic mobilities of various RNA standards (Bethesda Research Laboratories). Bottom, pattern of total RNA stained with ethidium bromide. Left ordinate,
positions of ribosomal RNAs (28S and 18S).
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Table 2 Proleasome contents of renal cancer cell lines with different growth rates

Cell type Doubling time
(days)

Proteasomes"

figVmg protein)

Caki-1
A704

2.1
4.8

16.5 Â±1.5Â°

ll.8Â± 2.6
Â°Proteasome contents were measured quantitatively by enzyme immunoassay

as described in "Materials and Methods".
* jig equivalents of human liver enzyme.
c Mean Â±SD for 3 experiments.

whether these correlated with the cellular contents of protea-
somes. Proteasomes were measured quantitatively by an en
zyme immunoassay. As shown in Table 1, the enzyme levels of
proteasomes were not increased significantly in renal cancer
tissues, despite the increased expression of proteasomal
mRNAs. The relationship of the levels of mRNAs and protein
of proteasomes was examined further in cultured cells. As
shown in Table 2, the growth rates of two types of renal
carcinoma cells, A704 and Caki-1, differed greatly. The mRNA
levels of two proteasome subunits, C2 and C9, were lower in
the slowly growing A704 cells than in the rapidly growing Caki-
1 cells (Fig. 1). However, the proteasome contents in these two
cell lines did not differ significantly (Table 2). These findings
were confirmed by immunoblot analyses with anti-proteasomal
monoclonal and polyclonal antibodies (Fig. 2). However, the
rate of synthesis of proteasomes, measured as [15S]Met incor

poration into proteasomes, was higher in the rapidly growing
Caki-1 cells than in the slowly dividing A704 cells (Fig. 2). The
rate of synthesis of total soluble proteins in Caki-1 cells was 2-
fold that in A704 cells, consistent with the difference in the
proliferation rates of these two cell lines. Fig. 2 shows that the
activity for synthesis of proteasomes in Caki-1 cells was higher
than that for synthesis of total soluble proteins. Thus, the
cellular mRNA levels seemed to be correlated with the activities
for synthesis of proteasomes, but not with the absolute contents
of proteasomes, suggesting a high turnover of proteasomes in
rapidly proliferating cells.

Immunohistochemical Staining of Proteasomes in Renal Pri
mary Cancers and Renal Cancer Cell Lines. We examined the
intracellular distribution of proteasomes in normal and neo-
plastic human renal tissues. Immunohistochemical staining of
specimens of normal parts of the kidney (Fig. 3/1) showed that
proteasomes are present at high levels in cells of renal tubules
and epithelial cells of the collecting duct (thin arrows) but not
in the glomerulus or glomerular capsule (thick arrow). Abnor
mally high levels of proteasomes were found in cancerous parts
of clear cell carcinomas (Fig. 3Ã„,Arrow b) but not in the capsule
surrounding cancerous tissues (Arrow a). The concentration of
proteasomes was particularly high in the nuclei of clear carci
noma cells (Fig. 3C, arrows). Similarly, proteasomes were lo
cated predominantly in the nuclei, but appeared to be diffusely
dispersed in the cytoplasm, of granular cancer cells originating
from proximal tubular cells (Fig. 30, arrows).

High concentrations of proteasomes in the nuclei and their
diffuse distributions in the cytoplasm of Caki-1 and A704 cells
were also observed by immunocytochemical staining (Fig. 4).
Fig. 5 shows details of the nuclear location of proteasomes in
different stages of the cell cycle of A704 cells. Cellular DNAs
are replicated and condensed during the S and G2 phases of the
cell cycle and are stained strongly with the DNA binding dye,
DAPI (Fig. 5B). In cells in the S and G: phases, proteasomes
are located diffusely in the nucleoplasm and seem not to be
associated with chromatin structures (Fig. 5A). In contrast,
proteasomes appeared to be associated at high concentrations
with chomatin structures (Fig. 5C) in M-phase cells during

chromosomal condensation (Fig. 5D). No proteasomes were
detected in the nuclei of cells during mitotic division, suggesting
that on disappearance of the nuclear envelope, proteasomes
became diffusely dispersed in the cytoplasm (data not shown).
Thus, proteasomes seem to be translocated between the cyto
plasm and nucleus, and their intracellular distribution seems to
change during the cell cycle.

Immunochemical Analysis of Cellular Ub Levels in Renal
Cancers. Next, we examined the immunohistochemical distri
bution of Ub in normal human kidney and renal cancer tissues
with anti-Ub monoclonal antibody. Since Ub is present in cells
as conjugates with various cellular proteins as well as in its free
form, and the complex reactivities of anti-Ub antibodies with
these two forms of Ub have been reported (42), we tested the
specificity of our anti-Ub mAb-KM680. On dot-blot analysis
mAb-KM680 reacted strongly with purified Ub (data not
shown). We wanted to determine whether the antibody reacts
with Ub conjugated with proteins, using 125I-lysozyme-Ub con
jugates prepared enzymatically and separated by SDS-PAGE
as described in "Materials and Methods." As shown in Fig. 6

(Lane a), the conjugated products analyzed by autoradiography
varied in size, depending on the number of Ub moieties ligated
to a single 125I-lysozyme molecule (left arrow). Immunoblot
analysis showed that anti-Ub mAb reacted strongly with these
various ubiquitinated components (Lane b) as well as with
monomeric Ub (right arrow), whereas control mouse IgG did
not (Lane c). Most of the immunoreactive bands coincided in
position with bands of Ub-lysozyme conjugates. However, ad
ditional immunoreactive components (closed circles) were also
detected. These are presumed to be bands of Ub ligated with
proteins copurified with the Ub ligation enzymes El, E2, and
E3. From these results we concluded that anti-Ub mAb-KM680
reacted with both free and protein-conjugated Ub.

As shown in Fig. 7/1, Ub was found at high levels in renal
tubular cells and epithelial cells in the collecting duct (thin
arrows) but not in the glomerulus or glomerular capsule (thick
arrow). Fig. IB shows the distribution of Ub in normal renal
tissues (Arrow a) and the capsule (Arrow b) and in part of a
clear cell carcinoma (Arrow c). Fig. 7 (C and D) shows high
concentrations of Ub in nuclei and membrane structures, but
its distribution is diffuse in the cytoplasm of granular cell
carcinoma cells. These distributions of Ub in normal and can-

Immuno-blot [35S]-Met Labeling
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Fig. 2. Immunoblot analysis and ("S]methionine incorporation into protea

somes of renal carcinoma cells with different growth rates. A (Lanes ! and 2) and
B (Lanes .ÃŽand 4). immunoblot analyses of Caki-1 and A704 cells with polyclonal
and monoclonal antibodies, respectively; C (Lanes 5 and 6), |"S|methionine
incorporation into proteasomes of Caki-1 and A704 cells. The radioactivities of
["S|methionine incorporated into total soluble proteins of Caki-1 and A704 cells
were 2.4 x IO4 and 1.2 x IO4cpm/3h/fig protein, respectively. Samples of the
two cell extracts with the same radioactivity (5 x IO6 cpm) were used for

immunoprccipitation analysis to measure proteasome synthesis. Immunoblotting
and analysis of protein synthesis were as described in "Materials and Methods."
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Fig. 3. Enzyme immunohistochemical staining of proteasomes in normal and neoplastic parts of human kidney. A-C. Table I, Case 9. A, noncancerous part. The
glomerulus (thick arrow) and renal tubular cells (thin arrows) are indicated, fl, the capsule (arrow a) and a neoplastic part (clear cell carcinoma; arrow b). C, appearance
of proteasomes in the neoplastic part (higher magnification of B). D, neoplastic part of a renal granular cell carcinoma (Table I. Case 7). C and /), predominant
localization of proteasomes (thin arrows) in the nuclei of cancerous cells. Bars, HO^m (A and B) and 70 MHI(Cand D).

Fig. 4. Enzyme immunocytochemical staining of proteasomes in A704 (A) and Caki-1 (B) cells. Proteasomes were stained with monoclonal antibodies. Bar, 25
I'll!
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Fig. 5. Double staining of proteasomes and DNA in A704 cells. Proteasomes were stained immunocytochemically with monoclonal antibodies (A and C). Nuclear
DNA was deteced by immunofluorescence microscopy after staining with DAPI (B and D). Bar, 35 ^m.

cerous kidney tissues are very similar to those of proteasomes
(Fig. 3).

Next, we examined the levels of ubiquitinated proteins in
normal renal cells and renal tumor cells by immunoblot analy
sis. Ub is present in the free form and in association with
various cellular proteins (42), but its associated form must be
larger than M, 8,000. As shown in Fig. 8, the profiles of
ubiquitinated proteins in neoplastic parts of clear (B) and
granular (C) cell carcinomas were very similar. Comparison of
the patterns with those of noncancerous tissues showed that
two ubiquitinated proteins in the soluble fraction at M, 33,000-
37,000 (Lanes 7 and 13) were scarely detectable in tumor cells.
Similarly, tumor-dependent loss of a ubiquitinated protein at
M, 45,000 was observed in the detergent-insoluble fraction
(Lanes 11 and 17). In contrast, several ubiqitinated bands
increased specifically in tumor cells (Lanes 9 and 75). Fig. 8
shows results for only two patients (Cases 6 and 7 in Table 1),
but we obtained essentially similar results for two other patients
(data not shown). Moreover, the patterns of total proteins (Fig.
SA) did not differ in normal and cancerous parts of the kidney.
Thus, in cancerous kidney cells ubiquitination shows altera
tions. The profiles of ubiquitinated proteins of two lines of
renal cancer cells (Fig. 8Z>), Caki-1 and KPK-1, were similar,
but very different from those of primary cancers, suggesting the
specific involvement of certain ubiquitinated proteins during
establishment of tumor cells. But it is noteworthy that Ub-
conjugated histories (open triangles) were detectd in all the
cells. These findings suggest that the Ub-protein ligase system
functions differently in cancer cells in vivo and in cultured
tumor cells.

Fig. 6. Immunoreactivity of anti-Ub mAb-KM680 with proteins conjugated
with Ub. Lane a, result of electrophoretic analysis of '"I-lysozyme-Ub conjugates
synthesized with the Ub-protein ligase system. The conjugates were detected by
autoradiography after separation by SDS-PAGE as described in "Materials and
Methods." Thin arrow, position of free '"I-lysozyme. Lanes b and c, immuno-
staining patterns of Ub-lysozyme conjugates with anti-Ub mAb-KM680 and
control mouse IgG, respectively, at a final concentration of 5.0 Mg/ml. Thick
arrow, electrophoretic position of monomeric Ub. â€¢¿�,anti-Ub mAb-KM680 re
active components correspondng to nonlysozyme proteins ligated with Ub (see
text).
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B)â€¢¿�JÃ»b-AÃ•
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Fig. 7. Enzyme immunohistochemical staining of Ub in normal and neoplastic parts of human kidney. A-C. various parts of the kidney from a patient with clear
cell carcinoma (Table 1, Case 6). A, noncancerous part. Thick arrow, glomerulus; thin arrows, renal tubular cells. B, noncancerous tissues (arrow a), capsule (arrow b),
and neoplastic part (arrow c). C, distribution of Ub in the neoplastic part (higher magnification). D, neoplastic part of a kidney with granular cell carcinoma (Table
1, Case 7). Bars, 140 urn (A and B) or 70 iim (C and D).

T N T N T NN N N

13 14 15 16 17 18 19 20
Fig. 8. Detection of ubiquitinated proteins in renal extracts from normal and cancer tissues by immunoblot analysis. A-C, results with extracts of renal cancer (A

and B are from Case 6 and C is from case 7 in Table I). Samples of about 0.4 g of tissues from noncancerous (N) and neoplastic (T) parts of kidneys with renal cell
carcinoma were homogenized in a Polytron homogenizer, and the resulting supernatantÂ»were used as soluble fractions (Lanes I, 2, 7, 8, 13, and 14). The precipitates
were suspended in 50 mM Tris-HCI buffer. pH 7.5, containing Triton X-100 at a final concentration of 1.0% (v/v); stirred for 1 h; and then centrifuged for 30 min at
18,000 x g. The resulting detergent extracts (Lanes 3, 4, 9, 10, 15, and 16) and insoluble fractions (Lanes 5, 6, II, 12, 17, and 18) were separated. D results with
extracts from Caki-1 (Lane 19) and KPK-1 (Lane 20) cells. Samples of 100 ng of extracts were subjected to SDS-PAGE and immunoblot analysis. A staining pattern
with Coomassie brilliant blue. B-D, immunostaining patterns with anti-Ub mAb-KM680 at a final concentration of 5.0 fig/ml. â€¢¿�and O, ubiquitinated proteins that
decreased and increased, respectively, in cancerous tissues: A, ubiquitinated histones. For A the positions of M, marker proteins (low M, markers; Pharmacia LKB,
Inc.) are on the left. For B-D, the positions of M, marker proteins (prestained M, markers; BioRad) are on the right.
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DISCUSSION

In this work, we showed that the expression of genes for
proteasome subunits increased rapidly in various types of pri
mary renal cell carcinomas. Moreover, similar increases were
observed in six renal cancer cell lines. However, we found that
the absolute contents of proteasomes in neoplastic parts of the
kidney were similar to those in normal kidney tissue (Table 1).
In addition, we found that the mRNA levels of subunits of
proteasomes were higher in rapidly growing Caki-1 cells than
in A704 cells and that this difference in the mRNA levels
appeared to be correlated with different biosynthetic activities,
without change in the proteasome contents (Fig. 2 and Table
2). These findings suggest a higher turnover of proteasomes in
rapidly proliferating cells, despite an increase in the mRNA
levels of their subunits. These findings are important in consid
ering the function of proteasomes. Possibly, rapid turnover of
proteasomes in rapidly growing cancer cells is necessary for cell
proliferation. Recently, we (6) and others ( 12,25) independently
showed that in yeast, disruption of chromosomal genes for
subunits of proteasomes had a lethal effect, indicating that
proteasomes are essential for yeast cell proliferation. Thus
acceleration of proteasome synthesis may be indispensable for
tumor growth.

We also showed that the levels of expression of the mono-
UbAgo, mono-UbA52, and poly-UbC genes are low in normal
kidney but are increased in malignant tumors in vivo and in
several established renal carcinomal cell lines (Fig. 1). Thus,
high expressions of the mono-UbA and poly-UbC genes seem
to be important in the cancerous state of these cells. Ub is
encoded by multiple genes. For example, in mammalian cells,
this multigene family is composed of Ub-A, Ub-B, and Ub-C
genes (35, 36). Recently, the mono-UbAm and mono-UbA^
genes were demonstrated to be a fused gene consisting of a
single copy of the Ub moiety with genes for small and large
ribosomal proteins, respectively, at its COOH terminus (24).
Interestingly, this new ribosomal protein has been reported to
have a regulatory role in the synthesis of rRNA (24). Since
ribosomes are essential for cell proliferation, high expressions
of these mono-UbA genes may be involved in the high produc
tion of ribosomes in malignant tumor cells.

In contrast, elevation of the mRNA of poly-UbC may be
necessary to increase the intracellular pool of Ub, because the
poly-UbC gene encodes nine tandem repeats of the Ub moiety
and produces functional Ubs efficiently. This largest poly-UbC
gene may be expressed at a high level in rapidly growing tumor
cells (Fig. 1) because of their requirement for large amounts of
Ub. Inactivation of El by ts mutation causes abnormal chro
mosome condensation (31). Moreover, one species of E2 was
identified as a CDC34 gene product, indicating that Ub linkage
to certain proteins is required for G, to S transition in the cell
cycle (22). In fact, genetic studies in yeast cells showed that the
poly-Ub gene is involved in cell cycle progression (43). Thus
Ub appears to be responsible for various functions related to
cell division or maintenance of cell viability. The importance
of specific proteolysis mediated by the ubiquitin system in the
eukaryotic cell cycle was recently reported (28-30).

In this work, we observed high levels of proteasomes in the
nuclei of renal malignant tumor cells (Figs. 3-5). We have
reported that proteasomes were present at considerably high
concentrations in the nuclei of normal liver (44) and that their
level is increased in the nuclei of human leukemic cells, such as
adult T-cell leukemia cells and acute lymphoid leukemia cells
(27). The nuclear location of proteasomes is further supported

by the finding that several subunits of proteasomes contain
consensus signal sequences for nuclear translocation (45). Im-
munohistochemical studies with anti-Ub mAb showed that Ub
was also abundant in renal tumor cells, being present at high
concentration in the nucleus and diffusely in the cytoplasm,
and was partly associated with plasma membrane-like struc
tures (Fig. 7). These findings are consistent with the electron
microscopic, immunohistochemical observation that Ub is pres
ent in the nuclei as well as the cytoplasm of Hela cells (46).
Thus, the colocalizations of Ub in the nucleus and cytoplasm
are very similar to those of proteasomes. This again suggests a
common biological role of the two. Thus the proteasome/Ub-
dependent proteolytic system in the nucleus may also be re
sponsible for the breakdown of short-lived proteins that are
highly expressed in cancer cells. However, it is unknown
whether the increased expressions of proteasome and Ub genes
are exactly related to the nuclear proteolytic activities mediated
by these proteins.

Alternatively, enhancement of Ub expression may be related
to some other nonproteolytic function(s) in cancer cells, because
the ubiquitinated histones /^H2A and ^H2B were reported not
to be degraded rapidly and to be involved in the transcriptional
activity of chromatin (47). Immunoblot analysis showed tumor-
specific change in the formation of Ub complexes with various
cellular proteins (Fig. 8). The physiological role of the attach
ment of Ub to these target proteins is not clear, but change in
the profile of ubiquitinated proteins may be common to all
tumor tissues, because we observed similar alterations in all the
neoplastic tissues examined. These findings indicate important
roles of the Ub-proteasome system in cell growth. Further
extensive studies are necessary to clarify the exact function(s)
of proteasomes and Ub and the physiological significance of
their high levels of expression in malignant tumor cells.
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