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ABSTRACT

An established cloned human renal carcinoma line RC-1, which has
been continuously maintained in culture for several years and which
produces erythropoietin, was injected s.c. into BALB/c athymic mice and
produced tumors. Tumorigenicity was directly correlated with the number
of RC-1 cells inoculated. Tumor cell histology resembled the original
patient-derived tumor. Tumor-bearing mice developed hepatosplenomeg-
aly and significant reticulocytosis with elevated hemoglobin and hema-
tocrit values that were proportional to tumor mass. In addition, red cell
mass and blood volume of nude mice increased over 100% as compared
to control mice or to animals bearing nonrelevant neoplasms. Large
amounts of immunoreactive erythropoietin could be extracted from the
nude mouse RC-1 tumors. These results indicate that the RC-1 cell line
is tumorigenic and produces biologically active erythropoietin in vivo in
athymic mouse hosts, thus providing a reproducible model to study
ectopie erythropoietin production and its regulation in vivo.

INTRODUCTION

We have reported the development of an erythropoietin-
producing cloned human renal cell carcinoma cell line initially
derived from a patient with erythrocytosis (1). Erythropoietin,
a glycoprotein hormone that regulates RBC formation in mam
mals, is mainly produced in the kidney in response to anemia
and hypoxia (2). Paraneoplastic syndromes associated with
ectopie erythropoietin production and erythrocytosis have been
described in humans with renal cell carcinoma and other renal
tumors, hepatocellular carcinoma, cerebellar hemangioblas-
toma, and uterine fibroadenoma (3) and in animals with renal
tumors (4-7). Several attempts to establish experimental sys
tems which produce erythropoietin in vitro have involved the
use of primary kidney cells obtained from animals (8-11),
tumor cells obtained from patients with renal cell carcinoma
and erythrocytosis (1, 12-17), a human testicular germ cell line
(18), and a virally induced murine cry thr<Â¡leukemiacell line (19,
20). Because of the difficulty of establishing continuously grow
ing renal cell carcinoma cell lines from primary cultures, several
investigators have utilized athymic mice as temporary inter
mediate hosts to establish erythropoietin-producing renal car
cinoma cell lines in culture (15-17). However, despite successful
growth of some human tumors in nude mice, these transformed
cells lost their ability to continuously produce erythropoietin in
vivo or in vitro within several months and passages.

The cloned renal cell carcinoma cell line (RC-1) that we
described was generated from a primary tumor excised from an
immunosuppressed nude mouse (1). RC-1 cells have continued
to synthesize and secrete erythropoietin after several years in
culture (since 1981), without evidence of the dedifferentiation
observed in other systems described above. The purpose of the
present study was to systematically evaluate the tumorigenicity
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and in vivo effects on red blood cell production of s.c. trans
planted RC-1 cells in athymic mice. This study is the first to
demonstrate a direct correlation between tumor mass and pa
rameters of erythrocytosis in mice bearing tumors generated by
a human renal carcinoma cell line.

MATERIALS AND METHODS

Cells

A renal carcinoma cell line was derived from a tumor obtained from
a female patient with renal cell carcinoma and erythrocytosis (1). Two
sublines were cloned by limiting dilution and established in culture.
The RC-1 clone produces erythropoietin in culture while the RC-2 does
not(l).

Renal carcinoma cell lines RC-1 and RC-2 were maintained in Falcon
(Becton Dickinson, Cockeysville, MD) tissue culture flasks and plates
in complete medium (1). Complete medium consisted of Dulbecco's
modified Eagle's medium and Ham's F-12 nutrient mixture (1:1) by

volume supplemented with 10% fetal bovine serum, 2 DIML-glutamine,
0.1 HIMnonessential amino acids, 100 units of penicillin, and 100 Â¿ig
of streptomycin. All media components were obtained from Grand
Island Biological Co. (Grand Island, IVY). Cells were grown as mono-
layers at 37"C, in 5% CO2-95% air for 7 to 10 days. Trypsin/EDTA-

treated cell suspensions were incubated with complete medium and
reseeded or were suspended in serum-free medium for injection into
athymic mice as previously described (1).

Mice. Athymic BALB/c-nu/nÂ« mice were obtained from the Hebrew
University Hadassah Medical School breeding colony in Jerusalem.
Mice were maintained in strict isolation within barrier quarters under
positive air pressure with HEPA filtered air in laminar flow hoods as
previously described (21). For experiments we used 4- to 6-wk-old mice.
Cages containing 3 tumor-injected mice and 3 control mice were kept
under similar conditions and hydration for all experiments.

Generation of Tumors in Nude Mice. Subconfluent monolayers of
renal carcinoma cells RC-1 at passage 60 to 80 (approximately 12 mo
in culture) were washed with phosphate-buffered saline (pH 7.4), treated
with trypsin/EDTA, washed with complete medium, and resuspended
in serum-free medium. Athymic mice were given injections s.c. with
0.2 ml of a viable cell suspension (as determined by trypan blue
exclusion) at the flank region (21). Mouse weight was measured at the
beginning and end of experiments. Mice were palpated for tumor
formation every 2 to 4 days (21). Once established, tumors were
measured with a caliper at the longest longitudinal and horizontal axis,
and tumor volume was determined by multiplication of the longitudinal
diameter x the square of the horizontal one and expressed in mm3. At

the end of each experiment, mice were sacrificed by cervical dislocation
after tribromoethanol anesthesia and autopsied (22). Tumor, liver,
spleen, lungs, kidneys, and lymph nodes were fixed in buffered 10%
formaldehyde, embedded in paraffin, and stained with hematoxylin/
eosin as reported previously (22). Bone marrow of mice was also fixed,
decalcified, and paraffin embedded as above. HistolÃ³gica!sections were
evaluated by 2 independent investigators. For control experiments, we
used renal carcinoma line RC-2 (passages 10 to 20) and PLC/PRF/5
human hepatoma (10" hepatoma cells per mouse) tumor-bearing mice,

maintained under the same protocol and for the same period as RC-1
renal carcinoma tumor-bearing mice (22). RC-2 renal carcinoma cells
and PLC/PRF/5 hepatoma cells do not produce erythropoietin (data
not shown).

Extraction of Erythropoietin from Tumor Tissue. An aliquot of tumor
tissue was obtained following exsanguination of the anesthetized
mouse. The tissue was immediately snap frozen in liquid nitrogen and
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maintained at -180Â°Cuntil extraction. Erythropoietin in the tissue was

extracted by the method of Sherwood and Goldwasser (23), using 0.1
M phosphate buffer (pH 7.4) in a buffer volume:tumor weight ratio of
10:1.

Radioimmunoassay for Detection of Erythropoietin. Erythropoietin
levels were measured in the radioimmunoassay described by Sherwood
and Goldwasser (24). Due to the very high hematocrits, we were not
able to obtain enough serum from each RC-1 tumor-bearing mouse to
measure individual erythropoietin levels in the serum. Therefore, we
determined erythropoietin levels in extracts of RC-1 tumors excised
from the athymic mice. The pure erythropoietin used as the radio-
labeled tracer (25) was generously supplied by Dr. Eugene Goldwasser,
University of Chicago, and by The Blood Diseases Branch, Division of
Blood Diseases and Resources of the National Heart, Lung, and Blood
Institute, NIH. The erythropoietin was labeled with I25I, using the
water-insoluble oxidizing agent l,3,4,6-tetrachloro-3,6-diphenylglycol-
uril (lodogen; Pierce Chemical, Rockford, IL). The antibodies to eryth
ropoietin were raised in New Zealand White rabbits in response to a
preparation of crude human urinary erythropoietin. Human urinary
erythropoietin was used as the standard in the assay. The methods for
incubation of samples and antibody and for separation of antibody
bound from free erythropoietin by the second antibody technique have
been previously described (24). The ratio of bound to total '"I-eryth-

ropoietin was determined for the standard curve and for the culture
and serum samples. All erythropoietin standards and unknown samples
were assayed in triplicate.

Determination of Hemoglobin, I temutomi, and Blood Volume in
Tumor-bearing Animals. Experimental and control mice were bled,
under anesthesia, at regular intervals by retrobulbar puncture. Hemo
globin was determined in a hemoglobinometer (Coulter Electronics,
United Kingdom) in a standard procedure using 20 /.Aof peripheral
blood. Hematocrit was determined in microhematocrit tubes as de
scribed below. Reticulocytes were counted in clear crystal blue-stained
smears of peripheral blood.

Blood Volume. Blood volume was determined in all mice by a
modified procedure according to Hart and Metz (26). Blood (1 ml) was
withdrawn through retrobulbar puncture from normal BALB/c-nu/nÂ«
mice under light tribromoethanol anesthesia (22) and mixed with 0.1
ml of acid citrate dextrose solution in a sterile tube and then incubated
with 0.10 to 0.12 ml of "Cr (100 Ci of "Cr salt; specific activity, 300
to 650 mCi/mmol; Negev, Israel) for 30 min at 37Â°C,5% CO2-95% air

(27). Binding was discontinued by addition of 3 mg of ascorbic acid
(0.06 ml; Asia, Israel). Each experimental or control mouse received
0.2 ml of labeled erythrocytes in whole blood by i.v. injection into the
tail vein. Blood (0.3 ml) was then withdrawn from the anesthetized
mouse in a heparinized capillary microhematocrit tube (Sherwood, St.
Louis, MO) by retrobulbar puncture within 30 and 60 min of injection
of labeled red blood cells. Capillaries containing whole blood were then
centrifuged in a microhematocrit centrifuge (International Equipment
Co., Needham Hts., MA) for 5 min and hematocrit (hct) determined.
Plasma was separated from red blood cells. Whole blood obtained from
an additional capillary was vigorously shaken with '/â€¢volume of pow

dered Saponin (BDH Poole, United Kingdom) for 1 min to induce red
cell lysis. Plasma (/') and lysed erythrocyte solution (B) were counted
in a gamma counter. As standard (50 we used 51Cr-labeled noninjected

whole blood (Bsi) and Plasma (Pst) diluted 1:200 in distilled water.
Total blood volume (TBV), red cell volume (RCV), and red cell mass
(RCM) were then determined according to cpm measured in each
sample and expressed as cpm/ml corrected for grams of body weight
for each mouse as shown in the following formula

TBV (ml) =
Bst x 0.23

B

Blood vol (ml/g mouse) = TBy/mouse wt (g)

\Bst - [Pst x (100 - Hct St)]\ x 0.2 x Mhct x 0.98"

(B- P) x 100

RCM (ml/g) = RCV
mouse wt

where Bst is cpm/ml of whole blood standard before injection, corrected
for dilution to 1 ml; Pst is cpm/ml of plasma standard before injection,
corrected for dilution to 1 ml; B is mean cpm/ml of whole blood
withdrawn at 30 and 60 min following i.v. injection of labeled red blood
cells; P is mean cpm/ml of plasma withdrawn at 30 and 60 min
following i.v. injection of labeled red blood cells; and Mhct is mean
hematocrit determined at 30 and 60 min following i.v. injection of
labeled red blood cells.

Statistical Analysis. Correlations between tumor volume or weight,
hemoglobin, hematocrit, and blood volume were determined by linear
regression analysis.

RESULTS

Tumorigenicity of Renal Cell Carcinoma Cell Lines in BALB/c
Nude Mice. RC-1 renal carcinoma cells readily produce tumors
in athymic mice at relatively small injection densities (Table 1).
Tumorigenicity of RC-1 cells directly correlated with the num
ber of injected cells. Well-encapsulated tumors were produced
in 50% of the mice with an inoculation density as low as 0.5 to
1 x IO6cells. When animals were inoculated with 4 to 5 x IO6
cells, a 90 to 100% "take" rate was obtained. Latency from

tumor cell injection to tumor detection was shortened from 42
days to 7 days, depending on inoculation density of cells (Table
1). Tumor weight did not usually exceed 500 mg within the
first 8 wk following injection of IO7 cells of the RC-1 clone.
There was no mortality among tumor-bearing mice for 110
days after tumor detection. Tumor growth curves observed at
different inoculation densities are shown in Fig. 1. Injection of
1 x 10s cells i.v. caused the development of multiple small

Table 1 Tumorigenicity of RC-1 cells in nude mice
Four- lo 6-wk-old athymic female mice were given injections s.c. of tumor cells

from passages 60 to 80. Follow-up period was up to 110 days for mice that did
not develop tumors.

Dose of in
jectedcells(x

10')0.10.512-34-56-89-10Mice

with neo
plasm/micegiven

injection(no.)0/41/22/47/102/26/610/12Latencyfrom

tu
mor injec
tion to de

tection(days)35-4235-427-157-157-107-10

3 Injection volume of labeled erythrocytes (ml).
4Correction factor.

20 40 60
DoysAfter TumorInjectron

Fig. 1. Growth curves of inoculated RC-1 tumor cells m athymic mice. Mice
were given injections s.c. of renal carcinoma cells (cloned RC-1 and RC-2)
suspended in 0.2 ml of serum-free medium. Tumor volume was determined with
calipers. Points, mean of triplicate determinations of 3 mice; bars, SE. RC-I is
the erythropoietin-producing clone, while RC-2 is a nonproducer. Mice were
given injections of 2 x 10" RC-1 cells (â€¢),10' RC-1 cells (â€¢),and 2 x 10' RC-2

cells (A).
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pulmonary metastasis in 2 of 4 mice and injection of 1 to 5 x
10" cells i.p. produced multiple i.p. tumor nests.

The RC-2 control cells produced tumors in 100% of the 6
mice given injections of 1 x IO6 cells, within 6 to 7 days of
tumor cell injection. Tumors produced by the RC-2 clone were
initially slow growing but eventually grew to a very large size
(Fig. 1).

Two noteworthy phenomena occurred following successful
RC-1 tumor growth: (a) development of splenomegaly and
hepatomegaly, with a significant increase in organ weight when
tumor weight reached approximately 400 mg (Table 2); and (b)
the tumor-bearing animals had a rosy-bluish color, and the
abdominal and thoracic blood vessels and the abdominal organs
appeared extremely congested.

RC-2-injected mice did not develop splenomegaly or hepa
tomegaly and displayed none of the phenomena described above
in RC-1-injected animals, even though the RC-2 cells appeared
to be more tumorigenic than the RC-1 cells.

Pathological Examination of Tumor-injected Mice. Highly
vascular solid tumors with relatively little necrosis were encap
sulated by a fibrous capsule. Microscopic examination revealed
typical large vacuolated cells arranged in a glandular pattern as
described for clear cell carcinoma in the human host. Histolog-
ically, RC-1 and RC-2 tumors were identical by hematoxylin
and eosin staining and under the inverted phase tissue culture
microscope. No mÃ©tastaseswere observed in the lungs, liver,
spleen, kidneys, lymph nodes, or bone marrow up to 120 days
after tumor cell injection. The bone marrow looked hypercel-
lular. Extramedullary hematopoiesis was observed in the spleen
but rarely in the livers of tumor-bearing animals. HistolÃ³gica!
examination of livers and spleens from RC-1 tumor-bearing
mice revealed dilated sinusoids that contained a large amount
of blood, possibly accounting for the increased organ weight.
These findings were not observed in the RC-2 tumor-bearing
control mice or the saline-injected controls.

Effects of Tumor Cell Transplantation on Red Cell Production
in the Athymic Mouse. For the following studies, we used
tumor-bearing mice whose tumors were initiated by injection
of 6 x IO6 RC-1 cells s.c. A mean reticulocyte count of 2.6%
was observed within 3 days in the 5 tumor-bearing mice as
compared to 0 to 0.5% in the 5 untreated animals. By Day 7
after tumor cell injection, reticulocytosis reached 4.3% and then
subsided to 0 to 0.5% by Day 15. This effect appeared in all

Table 2 Relationship between tumor weight and spleen and liver weight
Each value represents results obtained from a single animal, except for the

control group. Mice were sacrificed at different time intervals following injection
of 6 to 9 x 10* RC-1 cells. Organs and tumors were weighed immediately after

anesthesia and exsanguination.

Tumor wt(mg)50707090120150400430128013603000Control*Linear

regression coeffi
cientSpleen

wt
(mg/g

mouse)2.53.53.74.33.754.714.812.347.446.9115.44.6

Â±0.8e0.854Liver

wt(mg/g

mouse)55.8NT-NT59.759.4NT67.4NT63.9NT111.755.4

Â±8.40.985

tumor-injected mice regardless of the success or failure of future
tumor take or tumor growth (P < 0.5%). A mild elevation of
white blood cell count was also observed 3 days after tumor cell
injection; however, it was not statistically significant and did
not last for more than 3 days. By Day 21 following tumor
injection and parallel with detection of the growing subcuta
neous mass, reticulocyte count started to rise again and was
4.5% in tumor-bearing mice as compared to 1% in control
animals, while white blood count at this time was similar in
both groups.

Hemoglobin and hematocrit values started to increase after
RC-1 cell injection. Mean hemoglobin levels rose from 15.8 g/
dl to 20.7 g/dl within several weeks (>30% increase). In two
mice, hemoglobin levels reached 25 and 27 g/dl. Mean hemo
globin concentration of the 10 control mice was 15.9 Â±1.3 g/
dl. The same increase was observed for hematocrit values, where
hematocrit levels rose from 42% to almost 60% following tumor
cell injection, while in 10 control mice kept in the same cages,
mean levels were 48 Â±3% (Figs. 2 and 3). In contrast, no such
changes were observed in the control tumor-bearing animals
[RC-2 and human hepatoma (PLC/PRF/5)] and control mice
not receiving injections.

An almost linear correlation could be determined between
tumor volume, tumor weight, and hemoglobin and hematocrit
levels. However, the linear relationship between tumor mass
and hemoglobin or hematocrit levels was maintained only as
long as tumor volume did not exceed approximately 900 mm3.

Once tumors became larger and necrotic, hemoglobin and hem
atocrit values showed unpredictable fluctuations.

The effect of tumor cell injection on production of red blood

21

ÃŒ"

19 â€¢

' ;

0 2 4 68 10
Tumor VolumÂ«(cm3)

Fig. 2. Hemoglobin concentration and tumor volume in RC-1-injected
athymic mice. All mice were given injections of 6 x 10* RC-1 cells. Mean tumor

volume was compiled for 3 to S mice for each point according to size. Mean
hemoglobin and hematocrit values for each group were then determined. Linear
regression coefficient was 0.823.

" NT, not tested.
'' Ten mice without tumors were used as controls.
' Mean Â±SD.

0 2 4 6 8 10
Tumor Volume(cm3)

Fig. 3. Hematocrit versus tumor volume in RC-1-injected athymic mice. For
details, see Fig. 2. Linear regression coefficient was 0.850.
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cells was especially evident following determination of blood
volume and red cell mass (Figs. 4 and 5). Both parameters
increased significantly in tumor-bearing animals as compared
to tumor-free control mice. Again, the relationship between
tumor growth and increased red cell mass was preserved until
approximately 80 to 90 days after tumor cell injection. Later,
tumors became necrotic and congested, and values were then
unpredictable. Total blood volume increased from a mean of
2.8 ml/mouse in control mice to 4.9 ml/mouse in tumor-bearing
animals 76 days after RC-1 tumor cell injection. For compari
son, total blood volume of 10 PLC/PRF/S human hepatoma
tumor-bearing mice with large tumors was 2.7 ml/mouse SO
days after tumor cell injection. Blood volume and red cell mass
values of RC-1 tumor-bearing mice, corrected for body weight,
are presented in Figs. 4 and 5.

Erythropoietin Levels in RC-1 Tumor Tissue. Erythropoietin
levels in tumor tissue from 6 RC-1 tumor-bearing mice were
determined in the radioimmunoassay. The mean erythropoietin
level for 6 tumors was 3.33 Â±0.36 units of erythropoietin/g of
tissue (range, 2.97 to 4.06 units/g), with a significant difference
in erythropoietin content only between tumors from the mice
with the lowest and highest hematocrits (58% hematocrit and

.025

â€¢Â§
.O

f 020

015

010

25 50
DaysAfter Tumor Injection

75

Fig. 4. Blood volume in RC-1 tumor-bearing athymic mice. Points, mean of
triplicate determinations in 3 mice; bars. SE. Control mice (â€¢)and mice given
injections s.c. of 6 x 10* RC-1 cells (â€¢)were kept in the same cage for each point.
Linear regression coefficient for control mice was 0.93 and for tumor-bearing
mice, 0.90. For details, see text.

= 30

25

Â§20

I

0 20 50 76 100
Days After Tumor Injection

Fig. S. Red cell mass in RC-1 tumor-bearing and control athymic mice.
Columns, mean of triplicate determinations for each group of 3 mice; bars, SE.
Conditions are the same as for Fig. 3. [1, tumor-bearing mice; D, control mice.

2.97 units of erythropoietin/g and 51% and 3 units/g versus
70% hematocrit and 4.1 units of erythropoietin/g.

DISCUSSION

This unique model system provides the opportunity to study
ectopie erythropoietin production, as well as regulation of in
vivo erythropoietin production. Although other investigators
have observed occasional erythrocytosis in nude mice bearing
transplanted human renal carcinomas (15,16), this study is the
first to demonstrate a direct correlation between tumor mass
and parameters of erythrocytosis in athymic mice bearing tu
mors generated by a human renal carcinoma cell line.

The cloned renal carcinoma cell lines RC-1 and RC-2 were
established from a primary biopsy specimen from a patient with
renal cell carcinoma and erythrocytosis. In vitro characteristics
of the RC-1 cell line have been described (1, 28). These cells
have been maintained in culture for several years and have
retained their ability to produce erythropoietin that is biolog
ically active in the mouse colony-forming unit-erythrocyte
(CFU-E) assay and in athymic mice and is immunologically
cross-reactive with purified native hormone as determined by
radioimmunoassay (1). The RC-2 cell line does not produce
erythropoietin. In the present study, we have demonstrated
hematological effects in athymic mice following transplantation
of RC-1 tumor cell suspensions s.c.

The RC-1 cells have not lost their ability to produce eryth
ropoietin in vitro or in vivo after several years in culture (line
established in 1981). However, renal carcinoma cell lines and
serially passaged tumors in nude mice described by other inves
tigators did not retain their ability to produce erythropoietin,
thus proceeding into a phase of dedifferentiation. The preserved
differentiated function of RC-1 cells may be attributed to the
use of the immunosuppressed athymic mouse to establish the
hormone-secreting cells (1). The cloning of the RC-1 and RC-
2 cell lines from the uncloned renal carcinoma cell line indicates
that the primary biopsy specimen initially injected into the
immunosuppressed athymic mouse consisted of a mixture of
cell types, both erythropoietin producing and nonproducing,
that were subsequently propagated in tissue culture.

Analysis of the RC-1 line by transmission electron micros
copy (x78,000 magnification) showed the ultrastructural fea
tures characteristic of clear cell carcinoma, i.e., lamellar inclu
sion bodies, elongated mitochondria, and scattered glycogen
granules (1). It has been suggested that the origin of renal
carcinoma cells is the proximal convoluted tubule (28).

Both cell lines, RC-1 and RC-2, appear to be highly tumori-
genie in athymic mice, with RC-2 cells more tumorigenic. The
high tu morigeri ieity of the RC-1 and RC-2 cell lines differs
from the renal carcinoma cells described by Hagiwara et al.
which required as many as 2 x IO7cells to produce s.c. tumors
in athymic mice (16). The tumorigenicity of the RC-2 cell line,
its derivation from the human renal carcinoma, and the fact
that these cells do not produce erythropoietin in vitro and in
vivo make the RC-2 cell line an ideal control for these studies.

Of major interest in the present study is the induction of
reticulocytosis, erythrocytosis, elevated hemoglobin and hema
tocrit levels, as well as increase in red cell mass and total blood
volume in the experimental mice bearing RC-1 tumors. Occa
sional elevation of hematocrit or blood volume was previously
described in renal carcinoma tumor-bearing nude mice (15, 16).
However, in the present study, red blood cell production was
shown to be progressive and directly proportional to tumor
mass in the athymic mouse. This correlation provides further
evidence that the transplanted tumor cells are secreting eryth-
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ropoietin and that this human tumor-derived erythropoietin is
biologically active in nude mice.

Control mice bearing RC-2 tumors of comparable size did
not develop any evidence of erythrocytosis, which also indicates
that stimulation of host erythropoietin production by such
mechanical factors as trapping of blood in large tumors and
pressure from the tumor mass does not appear to be involved
in this model system. Furthermore, RC-1 tumor-bearing mice
were polycythemic, and no anemia was found even in animals
with giant tumors.

As further evidence that the RC-1 tumors produce erythro
poietin in the athymic mouse host, we were able to extract large
amounts of erythropoietin from the tumor tissue (mean, 3.33
Â±0.36 units/g; range, 2.97 to 4.06 units/g. In comparison,
extracts of normal rabbit kidney contained 0.7 units of eryth-
ropoietin/g of tissue; of dog kidney, 0.26 to 0.56 units/g; of rat
kidney, 0.11 units/g; and beef kidney, 0.12 to 0.4 units/g (Ref.
23; Footnote 5).

We observed (1, 29, 30) in in vitro studies that erythropoietin
regulatory processes of normal kidney cells are also present in
the RC-1 cells. Low oxygen appeared to stimulate erythropoi
etin production by RC-1 cells in culture (1). In both cultured
normal rabbit kidney cortex cells (29) and cultured RC-1 cells
(30), IO"2and 10~4M cyclic AMP induced a rapid and enhanced

release of erythropoietin within 15 min of exposure of the
cultured cells to the nucleotide, which continued for at least 3
h. Therefore, erythropoietin production by the RC-1 cell line is
under normal regulatory control.

In addition, this cell line also releases erythropoietin under
control unstimulated conditions (1, 30), suggesting that some
erythropoietin is released in a constitutive fashion, not under
normal regulatory control. The amount of erythropoietin re
leased constitutively would be proportional to the number of
tumor cells, thus explaining our observation of a direct corre
lation between tumor mass and erythrocytosis in the nude
mouse. Unregulated production of hormones by many different
types of tumors has been described, but the mechanism is poorly
understood (31).

These studies indicate that the human renal carcinoma cell
line RC-1 may be utilized to generate true polycythemia in
athymic mice in a progressive and reproducible manner. The
RC-1 tumor-bearing mouse thus provides the first reproducible
animal model system useful for studies on ectopie erythropoi
etin production by human renal carcinomas and for studies on
the effect of chronic high circulating bioactive erythropoietin
levels on host hematopoietic progenitor cells, erythropoietin
receptors, and erythropoietin production.

ACKNOWLEDGMENTS

We are grateful for the technical assistance of Caryn Singer-Green
field and Ruth Adler and to Marion Richardson, Liz Ezzone, and Mary
Ann O'Connell for help in preparation of the manuscript.

REFERENCES

I. Sherwood, J. M, and Shouval, D. Continuous production of erythropoietin
by an established human renal cell line: development of the cell line. Proc.
Nati. Acad. Sci. USA, 83: 165-169, 1986.

5 Unpublished observations.

2. Krantz, S. H.. and Jacobson, L. Erythropoietin and the Regulation of Eryth-
ropoiesis. Chicago: University of Chicago Press, 1970.

3. Hammond, D., and Winnick, S. Paraneoplastic erythrocytosis and ectopie
erythropoietins. Ann. NY Acad. Sci., 230: 219-227, 1974.

4. Peterson, M. E., and Zanjani, E. D. Inappropriate erythropoietin production
from a renal carcinoma in a dog with polycythemia. J. Am. Vet. Med. Assoc.,
/ 79: 995-996, 1982.

5. Wardrop, K. J., Nakamura, J., and Gidden, W. E. Nephroblastoma with
secondary polycythemia in a New Zealand white rabbit. Lab. Anim. Sci., 32:
280-282, 1982.

6. Scott, R. <',, and Patnaik, A. K. Renal carcinoma associated with secondary

polycythemia in the dog. J. Am. Anim. Hosp. Assoc., 8: 275-277, 1972.
7. Cohen, D. The canine transmissible venereal tumor: a unique result of tumor

progression. Adv. Cancer Res., 43:75-112, 1985.
8. McDonald, T. P., Martin, D. H., Simmons, M. L., and Lange, R. D.

Preliminary results of erythropoietin production of bovine kidney cells in
culture. Life Sci., 8:949-954, 1969.

9. Burlington, H., Cronkite, E. P., Reinecke, U., and Zanjani, E. D. Erythro
poietin production in cultures of goat renal glomeruli. Proc. Nati. Acad. Sci.
USA, 69: 3547-3550, 1972.

10. Ogle, J. W., Lange, R. D., and Dunn, D. R. Production of erythropoietin in
vitro. A review. In Vitro (Rockville), 14:945-950, 1978.

11. Kurtz, A., Jelkmann, W., Sinowatz, F., and Bauer, C. Renal mesangial cell
cultures as a model for study of erythropoietin production. Proc. Nati. Acad.
Sci. USA, 80:4008-4011, 1983.

12. Sherwood, J. B., and Goldwasser, E. Erythropoietin production by human
renal carcinoma cells in culture. Endocrinology, 99: 504-510, 1976.

13. Murphy, G. P., Brendler, H., and Mimmi. E. A. Erythropoietin release from
renal carcinoma grown in tissue culture. Res. Commun. Chem. Pathol.
Pharmacol., /: 617-619, 1970.

14. Sytkowski, A. J., Richie, J. P., and Bicknell, K. A. New human renal
carcinoma cell line established from a patient with erythrocytosis. Cancer
Res., 43: 1415-1419, 1983.

15. Toyama, K., Fujiyama, N., Suzuki, H., Chen, T. P., Tamaoki, N., and
Ueyama, Y. Erythropoietin levels in the course of a patient with erythropoi
etin producing renal cell carcinoma and transplantation of this tumor in nude
mice. Blood, 54: 245-253, 1979.

16. Hagiwara, M., Chen, I-L., McGonigle, R., Beckman, B., Kasten, F. H., and
Fisher, J. W. Erythropoietin production in a primary culture of human renal
carcinoma cells maintained in nude mice. Blood, 63: 828-835, 1984.

17. Hagiwara, H., Chen, I-L., and Fisher, J. W. Erythropoietin production in
long term cultures of human renal carcinoma cells: the role of cell density.
Exp. Cell. Res., 154: 619-624, 1984.

18. Ascensao, J. L., Gaylis, F., Bronson, D., Fraley, E. E., and Zanjani, E. D.
Erythropoietin production by a human testicular germ cell line. Blood, 62:
1132-1134,1983.

19. Choppin, J., Lacombe, C., Casadevall, N., Muller, O., Tambourin, P., and
Varet, B. Characterization of erythropoietin produced by IW 32 murine
erythroleukemia cells. Blood, 64: 341-347, 1984.

20. Fichelson, S., Wendung, F., Hankins, W. D., and Varet, B. Production of
erythropoietin like activity by a murine erythroleukemia cell line. Proc. Nati.
Acad. Sci. USA, SO:6269, 1983.

21. Shouval, D., Rager-Zisman, B., Quan, P., Shafritz, D. A., Bloom, B. R., and
Reid, L. M. Role in nude mice of interferon and NK cells in inhibiting
tumorigenicity of human hepatocellular carcinoma cells infected with hepa
titis B virus. J. Clin. Invest., 72: 707-717, 1983.

22. Shouval, D., Reid, L. M., and Chakraborty, P. R. Tumorigenicity in nude
mice of a human hepatoma cell line containing hepatitis B virus DNA.
Cancer Res., 41: 1342-1350, 1981.

23. Sherwood, J. B., and Goldwasser, E. Extraction of erythropoietin from
normal kidneys. Endocrinology, 103: 866-870, 1978.

24. Sherwood, J. B., and Goldwasser, E. A radioimmunoassay for erythropoietin.
Blood, 54:885-893, 1979.

25. MiyakÃ©,T., Kung, C. K-H., and Goldwasser, E. Purification of human
erythropoietin. J. Biol. Chem., 252: 5558-5564, 1977.

26. Hart, D., and Metz, J. The estimation of red cell volume with 5'Cr labelled

erythrocytes and plasma volume with radioiodinated human serum albumin.
J. Clin. Pathol., 15: 459-461, 1962.

27. Gray, S. J., and Sterling, K. The tagging of red cells and plasma proteins
with radioactive chromium. J. Clin. Invest., 29: 1604-1609, 1950.

28. Bennington, J. L., and Beckwith, J. B. Renal adenocarcinoma. In: H. I.
Firminger (ed.), Atlas of Tumor Pathology, pp. 93-199. Washington, DC:
Armed Forces Institute of Pathology, 1975.

29. Sherwood, J. B. cAMP-stimulated release of erythropoietin by normal and
neoplastic renal cells. Blood, 66: Idin. 1985.

30. Sherwood, J. B., Burns, E. R., and Shouval, D. Stimulation by cAMP of
erythropoietin secretion by an established human renal carcinoma cell line.
Blood, 69: 1053-1057, 1987.

31. Sherwood, L. M. Ectopie hormone syndromes. In: S. H. Ingbar (ed.), Con
temporary Endocrinology, Vol. 2, pp. 345-402. New York: Plenum Press,
1984.

3434

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/12/3430/2431696/cr0480123430.pdf by guest on 19 M

ay 2023




