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ABSTRACT

A hereditary form of renal cell carcinoma exists in rats that results
from a single gene mutation and is histologically similar to that described
in humans. Cell lines derived from these rat tumors were shown to
express abundant transforming growth factor-Â« (TGF-a) and epidermal
growth factor (EGF)-receptor RNA transcripts, but no EGF mRNA. In
contrast, normal kidney expressed EGF and EGF-receptor transcripts,
but TGF-a transcripts were barely detectable. Other kidney epithelial

cell lines examined (NRK 52E, MDCK, and LLCPK) were negative for
expression of both TGF-a and EGF transcripts, but expressed EGF
receptors. In addition, the renal cell carcinoma-derived lines secreted
TGF-a into the media. Immunohistochemistry of normal kidney with a
TGF-a specific antibody revealed a characteristic pattern of staining of

collecting ducts and, to a lesser degree, proximal tubules. In the neoplastic
kidney tissue, both the cystic and solid portions of the tumors displayed
intense immunoreactivity, indicating that altered expression of this
growth factor by the transformed cells occurred in situ. These results
suggest that altered TGF-a expression is an important aspect of the

neoplastic phenotype in rodent as well as human renal cell carcinoma,
and support the use of this hereditary rodent tumor model for studying
the pathogenesis of this disease.

INTRODUCTION

Spontaneous renal cell carcinoma in rats is very rare (1),
although a hereditary form of this disease has been described
(2). Tumors in this animal model develop as a result of a single
gene defect which has an autosomal dominant pattern of inher
itance (2, 3). Heterozygous animals that have inherited one
copy of the mutant gene develop tumors as adults, presumably
as a result of sustaining a second genetic mutation or gene
alteration. A constitutive homozygous condition for the muta
tion is lethal (3), resulting in death of homozygous embryos
during fetal development, an indication of the importance of
this gene for normal growth and development. Autosomal
dominant inheritance of susceptibility for tumor development
is characteristic of those human cancers, such as retinoblas-
toma, in which the predisposing mutation occurs in a tumor
suppressor gene (4). In human renal cell carcinoma, cytogenetic
data suggest that tumor development involves the loss of a
putative tumor suppressor gene located on chromosome 3 (5-
12), and inheritance of a mutation in a tumor suppressor gene
would be consistent with the genetics of the hereditary tumors
observed in this rodent model. The genetic similarities between
this rodent tumor model and human renal cell carcinoma
suggest that the rodent tumor model may be a valuable tool for
studying mechanisms underlying the development of this
disease.

In human renal cell carcinoma, both primary tumors and
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tumor derived cell lines have consistently been observed to
express TGF-a1 mRNA (13-16). TGF-Â« is a 50-amino acid

peptide, secreted in multiple forms ranging in size from 5 to 20
kDa (17). TGF-a has structural homology to EGF, and binds

to the EGF receptor (18, 19). This binding mediates the effects
of TGF-Â«, including stimulation of anchorage independent

growth and cell transformation (20). There is a high degree of
conservation of the amino acid sequence of TGF-a between
rodents and humans (21). TGF-Â« is normally expressed pri
marily by fetal tissues (22, 23), but some adult tissues (24-29)

as well as many transformed cells also express this growth
factor (13).

EGF receptors are expressed by both normal and neoplastic
human kidney tissue (13, 14, 16, 30-34). In human renal cell

carcinomas and cell lines, expression of the EGF receptor is
often elevated relative to normal human kidney (14, 16, 30,
31). This increased expression of EGF receptors associated
with the transformed phenotype has been demonstrated at both
the RNA and protein levels, and where it has been examined it
does not appear to be due to gene amplification (16, 31). Thus,
it appears that in humans, both normal and neoplastic kidney
cells retain the ability to respond to TGF-a, and this observation
has led to the hypothesis that TGF-Â« produced by neoplastic

kidney cells may act as an autocrine growth factor. However,
although it is clear that altered TGF-Â«expression is associated
with renal cell carcinoma in humans, to our knowledge no
information is available on the role of this growth factor in the
development of renal cell carcinoma in other species.

Although the histology of the tumors that develop in the
hereditary rat model are very similar to human renal carcinoma
(35), no information is presently available regarding the cellular
or molecular alterations that occur during the development of
these rodent tumors. In a number of human diseases in which
a tumor suppressor gene is thought to be involved, alterations
in the function of other genes in addition to mutations affecting
the tumors suppressor gene, have been observed. Notable ex
amples include the absence of TGF-/3 receptors in human
retinoblastoma (36) and K-ras activation in colon carcinoma
(37-39). In the present study, tumor-derived cell lines and

neoplastic tissue from rats with hereditary renal cell carcinoma
were used to examine the expression of TGF-a by the trans
formed cells. Cell lines expressed both TGF-a and EGF recep
tor transcripts, and TGF-Â«could be detected in media condi
tioned by the transformed cells. TGF-a was also detected in

tumor tissue in situ, indicating that altered expression of this
growth factor occurred during tumor development. This is the
first report to characterize factors that may play a role in tumor
development in this rodent model.

' The abbreviations used are: TGF-a. transforming growth factor a; EGF,
epidermal growth factor; DMEM. Dulbecco's modified Eagle's medium; FBS,
fetal bovine serum; SSC. standard saline citrate; poly(A)* RNA, polyadenylated

RNA.
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MATERIALS AND METHODS

Cell Lines and Primary Cell Cultures. The following cell lines and
culture conditions were used: ERC 15, ERC 18M, ERC 19, and ERC
21, derived from spontaneous rat renal cell carcinomas (40), J. Freed
et al.* maintained in complete DF8 medium consisting of 50% high

glucose DMEM/50% F-12 medium supplemented with 10% fetal bo
vine serum and ferrous sulfate (1.6 x 10~6 M), sodium selenite (5 x
10~8 M), vasopressin (1 x 10~5 units/ml), cholesterol (1 x 10~8 M),
hydrocortisone (2 x 10~7M), transferrin (10 /Â¿g/ml),triiodothyronine
(1 x IO'9 M), and insulin (25 /ug/ml); NRK 52E epithelial cell line

derived from a mixed culture of rat kidney cells (41) maintained in low
glucose DMEM supplemented with 5% fetal calf serum and nonessen-
tial amino acids; MDCK canine kidney epithelial cell line (42) main
tained in minimal essential medium with Earle's balanced salt solution

plus 10% FBS; LLC PK, porcine kidney epithelial cell line (43) main
tained in Medium 199 with 3% FBS; and Rat 2 fibroblast cells (44)
maintained in high glucose DMEM with 5% FBS. Primary' cultures of
rat kidney epithelial cells were obtained from trypsin-collagenase per

fused kidneys by using a modification of the method of Loury et al.
(45). Isolated cells were positive for alkaline phosphatase (a brush
border enzyme expressed by proximal tubule cells) and cytokeratin and
exhibited characteristic epithelial morphology. Kidney epithelial cells
were cultured in a 50:50 mixture of Swiss 3T3 conditioned medium
and complete DF8 medium. All cells were grown in a humidified
atmosphere of 5% CO2.

Northern Analysis. RNA was isolated from either exponentially
growing cultures of cells, or quick frozen rat kidney pulverized under
liquid Ni, with guanidinium thiocyanate, using the CsCI method of
Chirgwin et al. (46). Poly(A)* RNA was isolated by chromatography
on oligodeoxythymidylate cellulose columns (47). Aliquots of poly(A)+

RNA (5 to 10 fig as indicated) were denatured and run in 1.0%
formaldehyde-agarose gels (48). RNA was transferred from gels to
nitrocellulose and/or nylon membranes by capillary blotting and baked
at 80Â°Cfor 2 h as described (48). No difference between the data

obtained with nylon or nitrocelluose membranes was observed.
The following probes were used: murine EGF, a Pstl fragment of

pmegflO (49) from R. DiAugustine; rat TGF-Â«,an EcoRl fragment of
prTGFo.2 (21) from D. Lee; rat EGF receptor, an EcoRl/Xbal fragment
of pJHIO.l (50) from S. Earp; and human actin pHF (51) from K.
Nelson.

Probes were labeled to a specific activity of >10" cpm//jg by nick

translation or random oligonucleotide priming according to the man
ufacturer's recommendations (Amersham, Arlington Heights, IL) using

standard protocols (48). Hybridization with nitrocellulose membranes
was performed in 40% formamide/3x SSC at 42Â°Cand nylon mem
branes were hybridized at 65Â°C.Washes were at 35Â°Cin 1x SSC/0.1 %
sodium dodecyl sulfate and 42Â°Cin 0.2x SSC/0.1% sodium dodecyl

sulfate for nitrocellulose and nylon membranes, respectively, as de
scribed (52). Membrane filters were exposed to X-ray film with inten
sifying screens for 48-72 h, except where indicated. Densitometry was
performed on autoradiograms using an LKB densitometer after nor
malization for expression of actin.

TGF-a Radioimmunoassay. Cells were grown to near confluence in
duplicate flasks (150 cm2) and growth medium replaced with serum-
free medium. Seventy-two h later the conditioned medium was removed,
filtered through a 0.45-Mm filter, and concentrated 40- to 60-fold with
Centricon-3 microconcentrator. Radioimmunoassays were performed
by using a kit (Peninsula Laboratories, Inc., Belmont, CA) according
to manufacturer's instructions. Results were based on competition of
various concentrations of conditioned medium for binding 125I-TGF-a
(rat) to a limiting quantity of antibody specific for TGF-Â«(rat). Data
points represent samples run in duplicate, and the concentration of
TGF-Â«in the conditioned medium was determined by use of a standard
curve.

Immunohistochemistry. TGF-Â«was localized in formalin-fixed par
affin-embedded kidney sections from nine 10- to 14-month-old rats
carrying the Eker mutation-bearing renal cell carcinomas, using a

mouse monoclonal antibody that reacts with human and rat TGF-Â«
(Oncogene Science, Manhasset, NY), and an avidin and biotin immu-
noperoxidase kit (Oncogene Science). The manufacturer's directions

were followed except that 1% hydrogen peroxide in methanol and 10%
normal horse serum were used to block endogenous peroxidase and
nonspecific protein binding, respectively. The primary anti-TGF-a an
tibody was diluted to 0.5 Â¿ig/mlin buffer containing 3% normal horse
serum. To verify that the immunoreactivity in the tissue sections was
specific for TGF-Â«,the diluted primary antibody was absorbed for 24
h at 4Â°Cwith 5.0 Â¿ig/mlof human recombinant TGF-Â«(BiomÃ©dical

Technologies, Inc., Stoughton, MA), epidermal growth factor (Upstate
Biotechnology, Inc., Lake Placid, NY), or platelet-derived growth factor
AA homodimer (Upstate Biotechnology, Inc.).

RESULTS

TGF-a, EGF, and EGF Receptor mRNA Expression. The
expression of TGF-a in rat cell lines derived from hereditary
renal cell carcinomas was determined by Northern analysis.
Poly(A)+ RNA was isolated from cell lines ERC 15, ERC 19,

and ERC 21. All cell lines expressed abundant 4.5-kilobase
transcripts that hybridized to the rat TGF-a probe (Fig. 1). In
contrast, TGF-Â«transcripts were absent or barely detectable in
preparations of mRNA isolated from normal rat kidney (Fig.
1). Longer exposures did, however, consistently contain a faint
but discrete band hybridizing to the TGF-a probe in the normal
rat kidney preparation (Fig. 2A). Both normal and transformed
cells expressed EGF receptor transcripts, but EGF was only
expressed in the normal rat kidney (Fig. 2B).

Other transformed cell lines derived from rat (NRK 52E),
canine (MDCK), and porcine (LLCPK,) kidney were also ex
amined for expression of TGF-Â«.All three cell lines are spon
taneous transformed derivatives of normal kidney cells propa
gated i/i vitro. The NRK 52E cell line has been reported not to
secrete TGF-a into the culture medium (53), and consistent
with this report, TGF-a transcripts could not be detected by
Northern analysis in these cells (Fig. 2Ã„).No TGF-a transcripts
could be detected in either the canine or porcine kidney cell
lines, even with long exposures (Fig. "LA).The NRK 52E,

MDCK, and LLCPK, cell lines did express mRNA for the
EGF receptor, although some species specific differences in the
relative abundance of the different EGF receptor transcripts

Normal
Kidney

ERC 15 ERC 19 ERC 21

TGFa

' J. Freed el al., manuscript in preparation.

EGF-R

Fig. 1. RNA expression in ERC cell lines. Poly(A)* RNA (5 jig) from normal

kidney or cell lines derived from renal cell carcinomas (ERC 15. ERC 19, ERC
21) was examined by Northern analysis and probed with rat complementary DNA
for TGF-Â«or EGF receptor (EGF-R). All cell lines express abundant TGF-Â«
mRNA. and both normal kidney and cell lines express EGF receptor transcripts.
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Fig. 2. RNA expression in normal and transformed kidney cells. Poly(A)*

RNA (5 jig) from normal rat kidney, primary kidney epithelial cells. ERC (Eker
rat renal carcinoma-derived cells), or NRK 52E (rat), LLCPK (porcine), or
MDCK (canine) kidney epithelial cell lines. A, tissue and cell lines examined by
Northern analysis and probed with TGF-n and actin. B, tissue and cell lines
examined by Northern analysis and probed with EGF and EGF receptor (EGF-
R). X-ray film exposed for 48 h or 1 wk as indicated.

were noted (Fig. 2B). Transcripts for EGF were not expressed
by any of the transformed cell lines examined.

Expression of TGF-a is frequently observed in transformed
cells of various types and, therefore, could be related to the
increased proliferative capacity often associated with the trans
formed phenotype. In normal rat kidney, cell turnover is low in
the proximal convoluted tubule, believed to be the site of origin
for renal cell carcinoma (54, 55). Therefore a comparison
between TGF-a expression in this relatively quiescent tissue
and a proliferating cell line may not be valid. To address this
point, primary cultures of normal rat kidney epithelial cells
were prepared, and RNA from log phase cultures was analyzed
for TGF-a expression. As shown in Fig. 2, upon prolonged
exposure of the autoradiogram, TGF-a transcripts could be
detected in proliferating normal kidney epithelial cells. How
ever, the abundance of TGF-a transcripts in the primary kidney
cell preparation was only slightly greater than that observed in
normal kidney (actin:TGF-a ratio = 1.5 and 3.0 in rat kidney
and primary kidney cell preparation, respectively). A slight
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ERC 18M
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Fig. 3. Radioimmunoassay for TGF-n. Conditioned media collected from
primary kidney epithelial cells or the cell lines NRK 52E (negative control) and
ERC ISM, ERC 19. and ERC 21 was used to compete for binding of '"I TGF-n
to a TGF-iÃ¯-specificantibody. The activity of various dilutions of the conditioned
media is shown relative to a TGF-Â«standard. Inhibition of binding CtB/fio) is
determined by calculating the specific binding in the presence (B) and absence
(B0) of sample to be assayed.

increase such as the one observed would be expected, as the
primary cultures are predominantly epithelial, enriching for a
TGF-a expressing population, in contrast to whole kidney,
which is a mixture of epithelial and mesenchymal cells. There
fore, the dramatically increased expression of TGF-a observed
in the rat renal cell carcinoma cell lines does not appear to be
simply a reflection of the increased proliferative capacity of the
transformed cells.

Secretion of TGF-a by Transformed Cell Lines. Expression
data alone are insufficient to associate a biological role for
TGF-a in the transformation process, in the absence of infor
mation on protein synthesis. To determine if transformed cells
expressing TGF-Â« transcripts synthesize TGF-a protein, cul
ture medium conditioned by the cells was collected, concen
trated, and the ability of conditioned medium from the trans
formed cells to compete for 125I-TGF-a binding to a TGF-a-

specific antibody was measured. As a control, medium condi
tioned by NRK 52E cells, which do not express detectable
amounts of TGF-a transcripts, was also analyzed. NRK 52E-
conditioned medium showed less than a 15% inhibition of
binding at the highest concentration used (Fig. 3). Conditioned
medium from all the transformed cell lines analyzed, as well as
medium conditioned by primary rat kidney cells showed a 1- to
4-fold increase, relative to the NRK 52E control, in specific
inhibition of binding (Fig. 3). As determined from a standard
curve, the concentration of TGF-a in the ERC-conditioned
medium was in the picomolar range, with the highest concen
tration being 20 pM (ERC 18M).

Expression of TGF-a in Normal and Neoplastic Kidney. Using
an antibody specific for TGF-a, immunohistochemistry was
performed on kidney sections from nine rats which developed
renal cell carcinomas. Multiple tumors with solid and cystic
morphology were examined. These neoplasms were typical of
rat renal tubular cell tumors and had various histolÃ³gica! and
cytological patterns often within the same mass. Neoplastic
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Fig. 4. Section of renal cortex showing neoplastic renal tubular epithelium
with intense diffuse immunoreactivity for TGF-n (arrow). Immediately adjacent
to the neoplastic cells are normal proximal convoluted tubules that have less
intense immunoreactivity which is confined to the luminal brush border . X 74.

.,;.

Fig. 7. Section of renal cortex showing a normal proximal convoluted tubule
with TGF-n Â¡mmunorcactivity in the luminal brush border of the epithelial cells
(arrowhead). Adjacent neoplastic tubule epithelial cells have intense diffuse TGF-
Â«immunoreactivity (lower right corner), x 740.

Fig. 5. Section of kidney at the cortical medullary junction showing the intense
TGF-iv immunoreactivity of collecting ducts (arrows). Intense immunoreactivity
of collecting ducts was seen throughout the kidney, x 74.

>' .

Fig. 6. Section of superficial renal cortex showing a collecting duct (Â«),which
has intermittent epithelial cells that have immunoreactivity for TGF-n. Proximal
convoluted tubules in this part of the cortex appear to lack TGF-Â«immunoreac
tivity. X 185.

cells within the carcinomas displayed intense immunoreactivity
for TGF-Â«(Fig. 4), indicating that these cells were producing
this growth factor. There was marked variability independent
of tumor morphology in the number of immunoreactive cells
present in different tumors. The cells that were positive for
TGF-Â« had a diffuse pattern of cytoplasmic and/or nuclear
immunoreactivity. In some cystadenocarcinomas, cells lining
the cystic portions of the tumors had immunoreactivity only in
the apical cytoplasm.

In the normal kidney, cells lining the collecting ducts in the
medulla and cortex were also positive for production of TGF-
Â«with diffuse cytoplasmic and nuclear immunoreactivity (Fig.
5), although in some collecting ducts there were intermittent
cells that lacked immunoreactivity (Fig. 6). Proximal convo
luted tubules in the inner one-half to one-third of the cortex
displayed immunoreactivity on their apical surface with less
intense staining in the cytoplasm (Fig. 7). The immunoreactiv
ity in the proximal convoluted tubules was less intense than
that seen in the collecting ducts and nuclear staining was less
frequently seen. Immunoreactivity of both normal and neoplas
tic cells was abolished by absorption of the anti-TGF-Â« antibody
with TGF-Â«but not EGF or platelet-derived growth factor AA
(data not shown).

DISCUSSION

Data presented in this report indicate that cell lines derived
from hereditary rat renal cell carcinoma express TGF-Â« and
secrete this growth factor into the medium. Expression of TGF-
a is not solely a consequence of establishment of the trans
formed cells in tissue culture, as neoplastic cells within sections
of rat renal cell carcinomas were strongly immunoreactive with
antibodies specific for TGF-Â«, indicating that TGF-Â«expres
sion occurred in situ in these cells. Several other cell lines
derived from kidney epithelial cells were also examined for
TGF-Â«expression. Under conditions of low stringency, using
a rat probe for TGF-Â«,no TGF-Â«transcripts could be detected
in either the rat (NRK 52E), canine (MDCK), or porcine
(LLCK) cell lines. These results indicate that altered TGF-Â«
expression may be specific for renal carcinoma cells, and not a
general attribute of transformed kidney epithelial cells. No data
are currently available on the role of this growth factor in other
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types of kidney neoplasms such as mesenchymal tumors.
It is clear from these experiments that both EGF and TGF-

Â«are expressed in normal adult rodent kidney. Transcripts for
EGF were easily detected in normal rat kidney RNA prepara
tions, a finding consistent with the localization of this growth
factor in adult murine and human kidney by other investigators
using immunohistochemistry (56, 57) and in situ hybridization
(58). EGF has been localized to the distal tubule in rat using
antibodies against rat EGF (56), and in the mouse, EGF tran
scripts were also localized to the distal tubule, with no hybrid
ization above background observed for cells of the proximal
tubule or collecting duct (58). TGF-n is expressed in the mes-
onephric tubules of developing mouse kidneys (23), but there
have been conflicting reports on the expression of TGF-Â«
transcripts in adult rat kidney (21, 22). In our studies, TGF-Â«
transcripts were barely detectable in RNA preparations of whole
rat kidney, but antibodies for TGF-Â« reacted strongly with
collecting duct epithelial cells and, to a lesser extent, with
proximal tubule epithelial cells, indicating that subpopulations
of kidney epithelial cells different from those that express EGF,
express TGF-Â« protein. Thus, inability to detect TGF-Â«tran
scripts in RNA preparations from whole kidney may be due to
the heterogeneity of the cell population within this organ. In
human kidney, TGF-Â« transcripts have been reported to be
undetectable by some investigators (14, 16) or expressed at low
(59) to moderate (15) levels by others. However, TGF-Â«anti
body exhibits focal staining in cells of the collecting duct with
little immunoreactivity in the remainder of the kidney (14).
Therefore the pattern of expression of TGF-Â«reported within
the kidney appears to be similar in rat and humans, with only
slight variations that may be attributable to the use of different
antibodies in the two assays.

Many normal kidney cells express EGF receptors, including
glomerular, collecting duct, and proximal tubule cells (60).
Although the intracellular localization of EGF receptors in
renal carcinoma cells has not been determined, there are some
data that suggest that in polarized kidney epithelial cells these
receptors are localized at the basal surface of the cell (61). These
receptors may interact with components of the basement mem
brane to regulate cell growth rather than endogenous EGF,
which is transported unidirectionally from the basal to the
apical surface of the cell (61). It is interesting that in the
majority of tumor cells that exhibited immunoreactivity to the
TGF-Â« antibody, the staining pattern was diffuse, whereas in
the normal proximal tubule cells that expressed TGF-Â«, the

staining was usually more intense in the region of the brush
border at the apical surface of the cells. Renal cell carcinoma
in the rat is believed to arise from cells of the proximal convo
luted tubule (55), and this altered staining pattern in the tumor
cells may reflect changes in the distribution or interaction of
TGF-Â« with its receptor in the transformed cells. Although
production of TGF-Â« by cells expressing EGF receptors sug
gests the potential for autocrine stimulation of growth in this
system, in the absence of additional data such as the ability of
anti-TGF-a antibodies to inhibit growth of the transformed

cells, no conclusions on this point should be drawn. It is also
not known when during tumor development altered expression
of TGF-Â«first occurs. Therefore, it is not possible to distinguish
whether altered expression of TGF-Â« was important in the
transition to neoplasia, or was associated with tumor progres
sion. Time course studies are now in progress to determine
where in the nephron the tumor begins and when during tumor
development altered TGF-Â«expression first occurs.

The results reported here indicate that, in addition to the
previously reported similarities in the histology of these hered
itary rat tumors to human renal cell carcinoma, altered expres
sion of TGF-Â«occurs during tumor development in this rodent
tumor model as well as in humans. Both hereditary and spon
taneous human renal cell carcinoma are associated with loss of
sequences located on human chromosome 3 (5-12), and inter
estingly, transformed cells from the hereditary rodent tumors
also show nonrandom loss and/or deletion of specific chromo
somes.5 This lends support to the hypothesis that there are also

similarities at the genetic level between the hereditary rat tumor
model and human renal cell carcinoma. Thus, the Eker rat is
an important animal model for detailed histolÃ³gica!, genetic,
and biochemical analysis of renal cell carcinoma. Moreover,
this may be a useful animal model for studying the possible
role of exposure to chemicals in modifying the incidence of
tumors in genetically susceptible individuals.
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