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ABSTRACT

A partially transformed cell line (NRK-PT14) was isolated from
normal rat kidney (NRK) cells. Like NRK cells, NRK-PT14 cells re
quired epidermal growth factor for anchorage-independent growth, but

lost the additional requirement for exogenous type ÃŸtransforming growth
factor (TGF-0). Compared to NRK cells, NRK-PT14 cells did not secrete
elevated levels of TGF-/3, but exhibited an altered response to this growth
factor. Monolayer growth of NRK cells in a serum-free medium was
inhibited by TGF-0, whereas growth of NRK-PT14 cells was stimulated
by T(. !â€¢-/Â¡.In addition, !(.!â€¢-/>'stimulated epidermal growth factor binding

to high affinity sites in NRK cells, but decreased epidermal growth factor
binding to NRK-PT14 cells during growth of the cells in serum-free
medium. These qualitative changes in the response to TGF-/ÃŽmay be

representative of an intermediate stage in the spontaneous transformation
of NRK cells.

INTRODUCTION

TGFs3 are polypeptides that reversibly induce the anchorage-

independent growth of nontransformed cells (1). The ability of
cells to grow in soft agar (anchorage independence) has a high
correlation with neoplastic growth in vivo (2). Two types of
TGFs (TGF-a and TGF-/3) have been purified from the condi
tioned medium of transformed cells, and both types of TGF are
required to induce anchorage-independent growth of nontrans
formed indicator cells, such as the NRK-49F cell line (for
review, see Ref. 3). TGF-a competes with EGF for binding to
the EGF receptor, and EGF can substitute for TGF-a, inducing
anchorage-independent growth of NRK-49F cells in the pres
ence of TGF-/3 (3-5). TGF-/Ã•,in contrast, binds to another cell
surface receptor (6-8).

TGF-a and TGF-/? have been isolated from embryonic tissue,
embryo-derived cell lines, transformed cells, the conditioned
medium of transformed cells, and from tumor tissue (9-13). In
contrast, most nonneoplastic adult tissues and cells appear to
contain only type ÃŸTGF (14, 15). The role of TGF-/3 in adult
cells and tissues is not known. However, platelets contain high
levels of TGF-ÃŸ(16), and evidence has been presented for a
role for TGF-/3 in wound healing (17). Elevated levels of TGFs
have been found in the urine of patients with neoplastic disease
(18).

The discovery of TGFs suggests that some types of transfor
mation may be mediated, in part, through the action of over-
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produced and/or secreted growth factors. De Larco and Todaro
have proposed that TGFs secreted by transformed cells reach
sufficient concentrations to autostimulate the secreting cells,
thus constituting an autocrine system which serves to initiate
or aid in the maintenance of the transformed state (1, 19, 20).
The recent finding that bombesin-like peptides can function as
autocrine growth factors in human small cell lung cancer sup
ports this hypothesis (21). The finding that antibodies against
PDGF inhibit transformation of cells by simian sarcoma virus
also provides evidence for this theory (22).

Several laboratories have demonstrated increased sensitivity
to TGFs in chemically transformed cells and in cell lines
infected with partially defective transforming viruses or trans-
fected with oncogenes ( 12,23-25). These results have suggested
that alterations in cellular sensitivity to growth factors may
play a role in transformation. However, the biochemical
changes that result in increased sensitivity to TGFs have not
been established.

Growth factors such as EGF and PDGF have been shown to
induce or enhance transformation of some cell lines. EGF
stimulates reversible, anchorage-independent growth of a nor
mal rat kidney fibroblast line (26), a rat embryo cell line (27),
and irreversible anchorage-independent growth of an epidermal
cell line (JB6) (28). It enhances anchorage-independent growth
of adenovirus-transformed rat embryo cells and Kirsten sar
coma virus-transformed rat granulosa cells (29, 30), and it
induces anchorage-independent growth of rat fibroblasts trans-
fected with the myc oncogene (31). Evidence has also been
obtained for the involvement of EGF in mouse mammary
tumorigenesis (32). PDGF induces anchorage-independent
growth of a rat embryo cell line (27). The mechanisms of action
of EGF- or PDGF-mediated cell transformation are not known.

In this paper, we report the isolation of a partially trans
formed derivative of NRK cells (NRK-PT14). Compared with
NRK cells, NRK-PT14 cells retained a requirement for EGF
for anchorage-independent growth, but lost the requirement for
exogenous TGF-0. Both cell types secreted TGF-/ÃŽ,and NRK-
PT14 cells did not secrete elevated levels of TGF-0, compared
to NRK cells. Instead, the NRK-PT14 cells exhibited a quali
tatively different response to TGF-/3 than NRK cells. TGF-0
stimulated the monolayer growth of NRK-PT14 cells in serum-
free medium, but inhibited the growth of NRK cells under the
same conditions. The difference in the growth response of the
two cell types to TGF-0 was correlated with opposite effects of
TGF-/3 on EGF binding to the cells.

MATERIALS AND METHODS

Cells. NRK (33) and Kirsten sarcoma virus-transformed (K-NRK)
(34) lines were obtained from Dr. Edward Scolnick (Merck Sharp and
Dohme). NRK cells constitute an established line containing cells of
both epithelioid and fibroblastic morphology. NRK-49F (35) and Mo-
loney sarcoma virus-transformed NRK-49F (Mo-NRK-49F) cells (36)
were obtained from Dr. Anita Roberts (NIH). A431 cells were from
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CELL TRANSFORMATION AND ALTERED SENSITIVITY TO TGFs

Dr. George Todaro (Seattle). The partially transformed NRK-PT14

line was derived from NRK cells as described in the text.
The cells were maintained in 100-mm (Corning) dishes in DME

(Gibco), supplemented with 15 HIM 4-(2-hydroxyethyl)-l-piperazine-
ethanesulfonic acid (Sigma), penicillin (100 units/ml), streptomycin
(100 Mg/ml) (Gibco) (supplemented DME), and 10% Hyclone calf
serum (NRK cell lines) or 10% Hyclone fetal calf serum (A431 cells).
The cells were grown in a humidified incubator (5% CO2) at 37Â°C.

Subculturing was carried out with 0.05% (w/v) trypsin (Gibco) in PBS
with 0.3 mM EDTA when the cells were subconfluent. Cell numbers
were determined by counting trypsinized cells with a Particle Data
counter. Fresh vials of cells were thawed approximately every 8 wk. All
cell lines were found to be free of Mycoplasma contamination.

Materials. Purified (platelet) TGF-/3 was a generous gift from Dr.
Richard Assoian and Dr. Anita Roberts (NIH). The TGF-/3 was recon
stituted with 4 mM HC1 containing BSA (1 mg/ml) and stored in
aliquots (100 ng/ml) at -80Â°C. BSA was crystallized, fatty acid- and

globulin-free material from Sigma. EGF (receptor grade) was from
Bethesda Research Laboratories and was diluted with sterile BSA (1
mg/ml) and stored in aliquots at -20Â°C. '"I-labeled EGF was from

New England Nuclear. Insulin (Lily) was dissolved at 2.5 mg/ml in 6
mM HC1 and stored at 4Â°C.Purified PDGF (37) was a generous gift

from Dr. Elaine Raines and Dr. Russell Ross (Seattle). PDGF (con
taining 111 Mgof BSA per fig of PDGF) was reconstituted with 1 mM
acetic acid and stored at â€”20Â°C.Purified nerve growth factor was a

generous gift from Dr. Ralph Bradshaw (Irvine, CA). Partially purified
FGF was from Collaborative Research. Retinoic acid (Sigma) was
stored (light protected) in ethanol as a 400 MMstock at -20Â°C for 2

mo. Prostaglandin EI, TPA, transferrin, sodium selenite, and hydro-
cortisone were from Sigma. HDL (Meloy; density of 1.087 to 1.21 g/
ml) was diluted to 2 mg/ml with PBS, filter sterilized with a low binding
filter (Millipore SLGV025LS), and stored under an argon atmosphere.
Laminin was from Bethesda Research Laboratories. BSA-linoleic acid
complex (Sigma) was suspended at 50 mg/ml in sterile PBS and stored
under an argon atmosphere. PDS was prepared from citrated calf
plasma (Hyclone) as described by Gospodarowicz and 111(38), except
that the clotted plasma was heated to 60Â°Cfor 30 min, centrifuged,

and then dialyzed (Spectrapor-3; molecular weight cutoff, 3500) against
70 volumes of 15 mM 4-(2-hydroxyethyI)-l-piperazineethanesulfonic
acid-148 mM NaCI-2.7 mM KC1-2 mM CaCl2, pH 7.4, at 4Â°Cfor 24 h.

The PDS was filter sterilized (Millipore Millipak MPGL 02S H2) and
stored at -20Â°C. nu/nu mice were provided by Dr. Richard Jacobson

at the Cornell School of Veterinary Medicine. All procedures were
carried out with water purified by a Muli Q system (Millipore).

Soft Agar Assays. Assays were carried out essentially as described
(11). One-mi base layers consisting of supplemented DME/Ham's F12

(1/1) medium with the indicated concentrations of calf serum or PDS
and 0.8% agar (Noble agar; Difco) were plated in 12-well plates (4 cm2/

well; Costar). Top layers consisted of 1 ml of supplemented DME/
Ham's F12 (1/1) medium, 0.38% agar, 5 x IO3NRK-49F or IO3NRK,

NRK-PT14, or K-NRK cells, and the additions indicated in the legends
to the tables and figures. EGF was used at a final concentration of 5
ng/ml (0.8 nM). Calculations were based on a final volume of 2 ml. The
soft agar layers were made up from 2-times concentrated DME/F12
containing 8, 12, or 20% calf serum (or 20% PDS) and a 1.6% agar
solution (stored at 45Â°Cafter microwaving).

Plates were incubated in loosely covered plastic boxes with dishes of
water in a humidified (5% CO2) incubator at 37Â°C.After 9 to 14 days,

the number of colonies larger than 0.07 to 0.1 mm in diameter in a 1-
cm2 field was determined using a BÃ©licoplaque viewer. The percentage
of colony formation was based on the number of colonies in a 1-cm2

field (times 4), divided by the number of cells plated. All experiments
were carried out in duplicate, and colony formation varied by less than
10% from the mean reported in all experiments.

Serum-free Growth of Cells. Serum-free growth of NRK cell lines
was carried out by a modification of the methods of Bradshaw and
Dubes (39) and Rizzino (40). Serum-free trypsinization of cells was
carried out as described by McClure (41). The medium for serum-free
soft agar growth of NRK cell lines was DME/F12 containing HDL
(0.1 mg/ml), transferrin (5 Mg/ml), 5 nM sodium selenite, insulin (5 fig/

ml), BSA-linoleic acid complex (0.5 mg/ml), retinoic acid (100 ng/ml)
(NRK-49F only), and the additions indicated in Table 2. The growth
factors and other components were only added to the top layers of the
soft agar assays. Calculations were based on a final volume of 1 ml.
Otherwise, the assays were carried out as described under "Soft Agar
Assays."

The medium for monolayer growth of NRK-49F and NRK-PT14
cells (Fig. 5) was DME/F12 containing insulin (5 pg/m\), transferrin
(5 Mg/ml), EGF (10 ng/ml), FGF (50 ng/ml), HDL (0.1 mg/ml),
laminin (5 ^g/m\), retinoic acid (50 ng/ml), BSA-linoleic acid complex
(0.5 mg/ml) (NRK-PT14 only), and 5 nM sodium selenite. No TGF-/3
activity was found in this medium when it was processed, concentrated,
and tested as described for the isolation of conditioned medium from
NRK cell lines. The geometrical mean number of cells present during
serum-free growth was calculated using the formula (neâ€žd- Â«sun)â€¢*â€¢
ln(/ien(i-t-/!,!â€ž,).

Isolation of Conditioned Medium from NRK Cell Lines. Conditioned
medium was collected from nearly confluent monolayers of cells in
100-mm dishes (5 ml/dish) after incubation between 18 and 66 h (18
to 42 h for Mo-NRK-49F) and centrifuged at high speed as described
by Anzano et al. (36). The medium was dialyzed, lyophilized, and
reconstituted in 4 mM HC1 containing 1 mg of BSA per ml, using 1 ml
per IO7cells for 48 h of conditioning or 0.5 ml per IO7cells for 24 h of

conditioning. NaCl (4 M) was added to the reconstituted samples so
that the final NaCl concentration was 150 mM. The numbers of cells
remaining attached to the plate at the end of the conditioning were
89% (NRK-49F), 39 to 111% (NRK), 38 to 80% (NRK-PT14), 107 to
140% (K-NRK), and 30 to 87% (Mo-NRK-49F) of the original values,
depending on the experiment. Viability of the attached cells was greater
than 95%. The variability in cell number at the end of conditioning did
not contribute to any significant variability in the amount of TGF-/3
activity secreted per attached cell.

The samples of reconstituted conditioned medium were vortexed and
centrifuged at 12,000 X g for 15 min. The supernatants were assayed
for the induction of colony formation of NRK-49F cells in the presence
of 6% calf serum and 0.8 nM EGF as described under "Soft Agar
Assays."

EGF Radioreceptor Assay. The assay was carried out on formalin-
fixed A431 cells as described by Linsley et al. (42). Wells with 0.1 ml
of binding buffer received either 0.1 ml of 4 mM HCI-150 mM NaCl in
BSA (1 mg/ml) or 0.1 ml of a conditioned medium sample (Fig. 5) and
0.2 ng of 125I-labeledEGF (170 MCi/Mg).

125I-labeled EGF Binding. '"I-labeled EGF binding to NRK and
NRK-PT14 cells (Fig. 2) was carried out as described (43), except as
noted below. Cells were plated at 105per well in 12-well plates (Costar)
in DME-10% calf serum and incubated (at 37Â°C)for 24 h before

labeling. The assay was carried out using 1-ml washes and 0.5 ml of
lysis buffer. Cells were labeled in duplicate in 0.5 ml of binding buffer
with 0.05 to 25 ng of 125I-EGF(6.2 x IO4cpm/ng) at constant specific
activity for 3 h at 22Â°Cin a humidified (5% COi) incubator. Nonspecific
125I-labeledEGF binding was determined with 1 Mgof unlabeled EGF
at each '"I-labeled EGF concentration tested. The background values
were subtracted from the experimental points. Bound '"I-labeled EGF

was determined with a Beckman Model 4000 gamma counter. Analysis
of Scatchard plots (44) was carried out using the graphic fitting proce
dure of Weder et al. (45).

EGF binding (Fig. 7) was carried out essentially as described by
Assoian (46). Cells were plated at 3 x 10" per 1 ml of DME/F12/10%
PDS in 12-well plates for 0-, 10-, 20-, 30-, and 40-h time points. Cells
were also plated at 6.5 x IO4per well for 0- to 10-h time points. After
an overnight incubation at 37Â°C,TGF-/3 was added directly to the wells

to give a final concentration of 40 pM. The incubation was continued
for the indicated times, and then '"I-labeled EGF binding to high
affinity receptor sites at 4Â°Cwas determined using 25 fmol of '"I-
labeled EGF (4 x IO4 cpm) in 0.5 ml of binding buffer per well (46).

This concentration of EGF will result in binding that is essentially
limited to the high affinity receptor population (Fig. 2, inset). The
control level of binding was determined for each cell line, at each time
point, in the absence of TGF-ÃŸ.The amount of '"I-labeled EGF that
bound (per cell) in each cell line in the absence of TGF-/3 did not change
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CELL TRANSFORMATION AND ALTERED SENSITIVITY TO TGFs

appreciably during the course of the experiment. Duplicate results were
normalized to account for changes in cell number during the experiment
and varied by less than 10% from the mean reported for all experimental
points. Similar results were obtained when the experiment was carried
out in the presence of 5% calf serum or with quiescent cells. In two
additional experiments, TGF-/8 increased the binding of 12SI-labeled

EGF to NRK cells by 175 and 290% of the control.
Determination of Tumorigenicity in nu/nu Mice. The experiment was

carried out with female nu/nu mice as described by Shin et al. (47).
Mice were given injections s.c. of 5 x 10* NRK or NRK-PT14 cells (2
each), and with 2 x 10" NRK or NRK-PT14 cells (2 each).

RESULTS

Isolation and Characterization of Partially Transformed Rat
Kidney Cells. During routine passage of NRK cells we observed
that the cells in one flask had spontaneously lost density-
dependent inhibition of growth, yielding a heavily overgrown
layer of cells. This property was retained upon serial passage of
the cells. The spontaneously overgrowing cells were plated in
soft agar in the presence and absence of EGF. The cells formed
significant numbers of colonies only in the presence of EGF,
under conditions that did not support colony formation by
NRK cells. Anchorage-independent growth of the cells was
reversible. EGF-induced colonies which were isolated from soft

agar, grown in monolayer in the absence of EGF, and then
retested in soft agar did not form colonies unless EGF was
added. Fourteen EGF-induced colonies were cloned from soft

agar. Each of the isolated cell lines yielded little or no growth
in soft agar in the absence of EGF and extensive, reversible
colony formation in the presence of EGF. Thus, the sponta
neously overgrowing cells appeared to be partially transformed
and were designated NRK-PT.

One NRK-PT line was chosen for further study. Table 1
represents a comparison of the ability of a variety of NRK lines
to form colonies in soft agar in the presence and absence of
EGF. In the presence of 4% serum (without EGF) only the K-
NRK cells formed colonies in soft agar. The inability of NRK
and NRK-PT 14 cells to form colonies at this serum concentra
tion was not due to a general lack of growth potential, as both
cell lines grew in monolayer culture in 4% serum when plated
at the same density as in the soft agar assay. The NRK doubling
times were 22.5 h in 4% serum and 16.1 h in 10% serum. The
NRK-PT14 doubling times were 15.5 h in 4% serum and 14.6
h in 10% serum. In the presence of EGF, the NRK-PT14 cells
formed almost as many large colonies (0.1 - to 1.0-mm diameter)
as the Kirsten sarcoma virus-transformed cells, whereas the
NRK-49F and NRK cells failed to grow in soft agar in the
presence of EGF. Half-maximal colony formation of NRK-
PT 14 cells was observed in the presence of 4 pM EGF. Similar
results were obtained with several cloned cell lines, independ
ently isolated from the original NRK-PT 14 cell line (data not

Table 1 EGF-mediated, anchorage-independent growth of NRK cell lines in
serum and PDS

NRK cell lines were assayed for EGF-mediated, anchorage-independent growth
as described under "Materials and Methods." Similar results were observed when

the soft agar assays were carried out in DME instead of DME/F12 medium.

% of cells forming colonies in soft agar

Cell line

4% Serum 10% PDS

-EGF +EGF -EGF +EGF

NRK-49F(in 10%serum)NRKNRK-PT

14K-NRK00082007086000100

shown). EGF did not significantly affect colony formation by
K-NRK cells. In the presence of 10% calf serum and EGF,
colony formation by NRK cells, and by NRK-PT14 cells in the
presence of 10% calf serum alone, was occasionally observed.
These results depended on the lot of calf serum used and were
probably due to variable amounts of EGF and TGF-/8 in differ
ent serum lots (48).

Both NRK and NRK-PT 14 cells grew in monolayer culture
in the presence of 10% PDS. The doubling times were 25.5 h
for NRK and 25.0 h for NRK-PT 14 cells. However, only the
NRK-PT 14 cells grew in soft agar in the presence of PDS and
EGF (Table 1). The inability of EGF to induce anchorage-
independent growth of NRK cells in the presence of 4% serum
or 10% PDS was not due to an inability of the cells to be
phenotypically transformed by growth factors under these con
ditions, since NRK cells grew in soft agar when plated in 4%
serum or 10% PDS in the presence of EGF and purified TGF-
ÃŸ(data not shown). Assoian et al. (49) have reported that NRK-
49F cells require EGF, TGF-/3, and PDGF for optimal anchor
age-independent growth in the presence of PDS. The lack of a
requirement for PDGF in our experiments suggests that NRK
cells may have a decreased requirement for PDGF compared
to NRK-49F cells and/or that our PDS may contain small

amounts of this growth factor.
A variety of factors were tested for induction of anchorage-

independent growth of NRK and NRK-PT 14 cells in the pres
ence of 4% calf serum. The factors included PDGF, FGF, NGF,
TP A, hydrocortisone, prostaglandin Eu and retinoic acid. EGF
was the only factor that induced significant anchorage-inde
pendent growth, and only the NRK-PT 14 cells grew under
these conditions. Induction of NRK-PT 14 colony formation
was observed with insulin, PDGF, or retinoic acid in the pres
ence of 10% calf serum (data not shown). However, it seems
likely that these factors induced NRK-PT 14 colony formation
through synergism with small amounts of EGF and/or TGF-/3
present in calf serum (26, 50, 51).

The ability of EGF to morphologically transform NRK-PT 14
cells in monolayer culture is demonstrated in Fig. 1. Growth in
the presence of EGF had only a slight effect on the morphology
of NRK cells. In the absence of EGF, subconfluent or just
confluent NRK-PT 14 cells resembled nontransformed epithe-
lioid cells. However, in the presence of EGF these cells were
elongated and overgrew before reaching confluence. EGF had
no effect on the morphology of K-NRK cells.

EGF Induces the Anchorage-independent Growth of NRK-
PT14 Cells in a Serum-free, Defined Medium. In order to
rigorously establish the growth factor requirements for pheno-
typic transformation of the NRK-PT 14 cells, the various NRK
cell lines were grown in soft agar under serum-free, defined
conditions. NRK-49F cells required insulin, EGF, and TGF-/8
for anchorage-independent growth (Table 2), as described by
Rizzino (40). We obtained similar results for the parent NRK
cell line. Limited colony formation by NRK cells in the presence
of EGF was occasionally observed. However, significant an
chorage-independent growth of NRK-PT 14 cells was reproduc-
ibly induced upon addition of EGF to the serum-free medium
in the absence of TGF-0. Addition of TGF-/3 with EGF con
sistently resulted in increased colony number and size. In ad
dition, EGF induced colony formation by NRK-PT 14 cells in
the absence of insulin. The K-NRK cells grew in soft agar in
the absence of EGF, TGF-0, and insulin (Table 2). The differ
ence in serum-free requirements for anchorage-independent
growth exhibited by these cells suggests that NRK-PT 14 cells
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Fig. 1. EGF-mediated morphological
transformation of NRK-PT14 cells in mono-
layer culture. Cells were plated in a 12-well
plate at 2 x 10* cells per well Â¡nl ml of
supplemented DME-10% calf serum with and
without 0.8 nM EGF. After 1 day the wells
were rinsed and refed with the same medium
and then incubated for 2 days. Photography
was carried out with a Nikon camera mounted
on a Nikon Diaphot inverted microscope, us
ing Kodak Plus X tilÃnA and B, NRK cells
(- and +EGF); C and D, NRK-PT14 cells
(- and +EGF); E and F, K-NRK cells (- and
+EGF).

â€¢50um

C

Table 2 Growth factor-mediated, anchorage-independent growth of NRK cell
lines in serum-free medium

Growth factor and TGF requirements for serum-free, anchorage-independent
growth of NRK cell lines were determined. EGF (1.6 nM) and TGF-fi (40 PM)
were added, alone or in combination, to the basal medium as described in
"Materials and Methods." An additional experiment (last column) was carried
out in the presence of the minimum number of components required for serum-
free, anchorage-independent growth of each line, but in the absence of insulin.
EGF and TGF-/3 were added to the NRK-49F and NRK cells. EGF alone was
added to the NRK-PT14 cells, and the K-NRK cells received no EGF or TGF-/3
in the experiment carried out without insulin.

% of cells forming colonies in soft agar with the following
growth factor

CelllineNRK-49F

NRK
NRK-PT14
K-NRKNo

addition0

0
051+EGF0

1
76
46+TGF-00

0
043-l-EGF

and
+TGF-/321

43
85
45â€”Insulin0

0
25
41

may represent a novel, intermediate stage in NRK cell trans
formation.

EGF Receptor Numbers, EGF Dissociation Constants, and
EGF-mediated Stimulation of Anchorage-dependent Growth Are
Similar in NRK and NRK-PT14 Cells. Fig. 2 represents a
Scatchard analysis of I25l-labeled EGF binding to NRK and
NRK-PT14 cells. Analysis of the Scatchard plots yielded similar
numbers of receptors and similar apparent dissociation con

stants for NRK and NRK-PT14 cells (Fig. 2). We obtained
similar results when I25l-labeled EGF binding was carried out
with confluent cells at 4Â°Cas described by Assoian (46) (data

not shown). The numbers of high and low affinity receptors
and the low affinity dissociation constants are comparable to
values obtained by Assoian (46) for NRK-49F cells. However,
the dissociation constants for the high affinity receptor popu
lations on NRK and NRK-PT14 cells were almost one order of
magnitude lower than those reported by Assoian (46) for NRK-
49F cells.

EGF stimulated the anchorage-dependent growth of both cell
types to approximately the same extent, and the dose-response
curves were similar (Fig. 3). These results suggest that the
difference in the soft agar response of NRK and NRK-PT14
cells to EGF (Table 1) is not simply a difference in sensitivity
to the growth-promoting effects of EGF.

Nontransformed and Partially Transformed NRK Cells Se
crete Similar Amounts of TGF-/8. Since EGF and TGF-/3 are
required to induce anchorage-independent growth of NRK-49F
and NRK cells, the loss of the TGF-ÃŸrequirement for anchor
age-independent growth of NRK-PT 14 cells might be a result
of TGF-/3 secretion. Anzano et al. (36) have reported that virally
transformed NRK-49F or 3T3 cells secrete significantly more
TGF-(3 than their nontransformed counterparts. In contrast,
Pircher et al. (52) have detected similar amounts of TGF-/3
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Fig. 2. '"l-labeled EGF binding to NRK and NRK-PT14 cells. The binding
experiment was carried out at 22Â°Cas described under "Materials and Methods."

The results represent the average of duplicate determinations, which varied by
less than 8% from the mean reported for all points. Similar results were obtained
Â»henthe binding assay was carried out at 4'C. Inset, I, Scatchard analysis, high

affinity binding sites: //, low affinity binding sites.

â€ž240
u_
O
UJ
3 200

o 120

- 80

40

NRK

NRK-PTI4

0005 0.05

EGF, ng/ml

0.5

Fig. 3. Stimulation of anchorage-dependent growth of NRK and NRK-PT14
cells by EGF. Cells were plated at 10' per 1 ml of DME/F12/5% calf serum in
12-well plates and incubated overnight at 37Â°C.EGF was then added at the
concentrations indicated, and the cells were trypsinized and counted after a 3-day
incubation at 37Â°C.The results represent the average of duplicate determinations,

which varied by less than 10% from the mean reported for all points.

activity in the conditioned medium of NRK-49F cells and a
virally transformed derivative.

We isolated conditioned medium from all of our NRK cell
lines. The cell lines included the NRK-49F and Mo-NRK-49F
cells used by Anzano et al. (36). The crude conditioned medium
samples were isolated, dialyzed against acetic acid, and proc
essed as described by Anzano et al. (36) and then assayed for
the induction of colony formation of NRK-49F cells in the
presence of EGF. Fig. 4 demonstrates that all of the NRK cell
lines secreted TGF-/3 activity. The dose-response curve for
conditioned medium from Mo-NRK-49F cells was almost iden
tical to that obtained by Anzano et al. (36), confirming that this
transformed cell line secretes significantly more TGF-/3 than
the parent NRK-49F cell line. However, K-NRK, NRK-PT14,
NRK, and NRK-49F cells secreted similar amounts of TGF-/3
activity. The differences in TGF-/3 secretion observed with these
four cell lines were not significant. Moreover, we observed
significantly more TGF-ÃŸin crude conditioned medium from
NRK-49F cells than was observed by Anzano et al. (36), who
reported that their crude and high-pressure liquid chromatog-
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O.I IO 100

Acid-Extracted Conditioned Medium (^1)

Fig. 4. Secretion of TGF-/3 by serum-starved nontransformed, partially trans
formed, and fully transformed NRK cell lines. Conditioned media were isolated
from 10 dishes each of serum-starved NRK cell lines and assayed for the induction
of colony formation of NRK-49F cells in the presence of 6% calf serum and 0.8
nM EGF as described under "Materials and Methods." Similar results were

obtained in three separate experiments.

raphy-purified conditioned medium preparations yielded simi
lar results.

The amount of TGF-0 secreted by serum-starved cells may
not be the same as that secreted by growing cells. Comparisons
of TGF-0 secretion by nontransformed and transformed cells
are particularly questionable, since the transformed cells con
tinue to grow while many of the nontransformed cells detach
from the plate when serum starved. Therefore, we assayed TGF-
ÃŸsecretion by NRK-49F and NRK-PT14 cells grown under
serum-free, defined conditions. Cells were grown in serum-free
medium, and conditioned medium was isolated and treated
with acetic acid as described for serum-starved cells. Lyophi-
lized conditioned medium samples were equalized when resus-
pended, on the basis of a calculation of the geometrical mean
number of cells present during growth. Fig. 5 demonstrates that
growing NRK-49F and NRK-PT14 cells secreted essentially
the same amount of TGF-0 activity as serum-starved cells (Fig.
4). The results also demonstrate that TGF-/3 isolated from
conditioned medium of NRK cell lines is not derived from
serum.

Ozanne et al. (53) have found TGF-Â«activity in conditioned
medium from K-NRK cells. They have also demonstrated that
this conditioned medium inhibits the binding of 125I-labeled
EGF to cells. Chua et al. and Pircher et al. did not detect TGF-
a in conditioned medium from K-NRK (54) and K-NRK-49F
(52) cells. We assayed crude conditioned medium from our
NRK cell lines for the ability to inhibit '"Mabeled EGF binding
to formalin-fixed A431 cells. Concentrated conditioned me
dium from NRK-49F, NRK, and NRK-PT14 cells exhibited no
I25l-Iabeled EGF competing activity. Conditioned medium from
the same number of K-NRK or Mo-NRK-49F cells inhibited
binding of 125I-labeled EGF to A431 cells by 23% and 29%,

respectively. This degree of inhibition was equivalent to the
inhibition produced by approximately 0.7 nM unlabeled EGF.
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Fig. 5. Secretion of TGF-0 by NRK cell lines growing in a serum-free, defined
medium. NRK-49F cells (1 X IO5 cells per 100-mm dish) and NRK-PT14 cells
(0.5 x 10' cells per 100-mm dish) were plated in serum-free medium (5 dishes
each) as described under "Materials and Methods." Conditioned medium was
harvested from nearly confluent monolayers, processed, and assayed for TGF-0
activity in the presence of 6% calf serum and 0.8 nM EGF as described for serum-
starved cells under "Materials and Methods."

NRK and NRK-PT14 Cells Respond Differently to TGF-/3
under Anchorage-dependent Conditions. The finding that NRK-
49F, NRK, NRK-PT14, and K-NRK cells all secreted similar
amounts of TGF-/3 appears paradoxical, since NRK-49F and
NRK cells required TGF-0 for growth in soft agar, while NRK-
PT14 and K-NRK cells did not. This result suggests that the
difference in requirements for TGF-/3 may result from differ
ences in the sensitivity of the cells to TGF-ÃŸ.

Tucker et al. (55) have demonstrated that TGF-0 acts as an
inhibitor of cell growth under certain circumstances. In addi
tion, Roberts et al. (31) have shown that TGF-/3 inhibits the
monolayer growth of NRK-49F cells, although it is required
for anchorage-independent growth of the same cells. The
serum-free monolayer growth of NRK cells was slightly stimu
lated in the presence of TGF-ÃŸat concentrations below 2 pM.
However, addition of higher concentrations of TGF-/3 resulted
in a 60% inhibition of the growth of the NRK cells, while the
growth of the NRK-PT14 cells was slightly stimulated at all
TGF-/3 concentrations tested (Fig. 6). The concentration of
TGF-0 required for half-maximal inhibition of the serum-free
growth of NRK cells was the same as the TGF-0 concentrations
required for half-maximal soft agar colony formation or mon
olayer growth inhibition of NRK-49F cells (31). Our results
cannot be explained by possible differences in secretion of TGF-
a by the two cell lines, as both cell types were grown in the
presence of EGF (10 ng/ml). The results presented in Fig. 6
demonstrate that partial transformation of NRK cells has re
sulted in a qualitative alteration in sensitivity to TGF-0.

TGF-fi has been shown to alter EGF binding and EGF
receptor levels in NRK-49F cells (46, 56, 57). Therefore, we
examined the effect of TGF-/3 on EGF binding to high affinity
sites on NRK and NRK-PT14 cells. Fig. 7 demonstrates that
EGF binding to high affinity sites on growing NRK cells was
modified by TGF-/3 essentially as described by Assoian (46) for

Â«a.
i

3 120

80

40

NRK-PTI4

02 10 100
TGF-/3,pM

Fig. 6. Effects of TGF-fi on the monolayer growth of NRK and NRK-PT14
cells in a serum-free medium. Cells were plated as described under "Materials
and Methods" in 12-well plates at 3 x 10' per I ml of DME/F12 containing 5
Mgof laminin, 5 MÃœof transferrin. 5 ^g of insulin, 1 mg of BSA-linoleic acid
complex, 10 ng of EGF, 100 ng of retinole acid, and 5 n\i sodium selenite. TGF-
fi was added directly to the wells after a 24-h incubation. The cell number was
determined after an additional 3-day incubation. The serum-free doubling times
in the absence of TGF-fi were 19.8 h for the NRK cells and 14.7 h for the NRK-
PT14 cells. The results represent the average of duplicate determinations, which
varied by less than 10% from the mean reported for all points.
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Fig. 7. Effects of TGF-fi on I25l-labeled EGF binding to high affinity sites on
NRK and NRK-PT14 cells. The binding assay was carried out at 4'C as described
under "Materials and Methods."

confluent NRK-49F cells. Short-term incubation of NRK cells
with TGF-0 resulted in a decrease in EGF binding. This was
followed by an increase in EGF binding upon long-term incu
bation of the cells with TGF-ÃŸ.In contrast, long-term incuba
tion of NRK-PT 14 cells with TGF-/3 resulted in a substantial
decrease in EGF binding to high affinity receptor sites, rather
than the increase observed with NRK cells (Fig. 7).

Scatchard analysis of the effects of TGF-ÃŸon EGF binding
to high and low affinity sites on NRK and NRK-PT 14 cells
indicated that incubation with TGF-0 results in a complete loss
of high affinity EGF binding sites from the surface of NRK-
PT 14 cells, whereas long-term incubation with TGF-/3 resulted
in an increased number of low affinity binding sites on both
NRK and NRK-PT14 cells, as described by Assoian (46) for
NRK-49F cells. In addition, EGF-mediated down regulation of
EGF receptors was similar in NRK and NRK-PT 14 cells, and
TGF-0 inhibited EGF receptor down regulation in both cell
lines, as described by Assoian et al. (54) for NRK-49F cells.4
Our results suggest that TGF-ÃŸdoes not simply increase down

4 Unpublished data.
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regulation of high affinity EGF receptors in NRK-PT14 cells.
It is conceivable that TGF-/3 induces the secretion of TGF-Â«by
NRK-PT14 cells, but this is unlikely, since TGF-/3 did not
induce soft agar growth of NRK-PT14 cells, despite the fact
that 1 pM EGF was sufficient to induce significant anchorage-
independent growth of these cells.

When NRK and NRK-PT14 cells were grown under identical
serum-free conditions in the presence of a low concentration of
EGF, the effects of TGF-/3 on growth and EGF binding to the
two cell lines were similar to those observed in the experiments
described in Figs. 6 and 7 (Table 3).

NRK-PT14 Cells Are Tumorigenic in nu/nu Mice. NRK and
NRK-PT14 cells were injected into nu/nu mice as described
under "Materials and Methods." Tumor formation was ob
served within 6 wk in both animals given injections of 5 x IO5
NRK-PT14 cells and one of two animals given injections of 2
x IO6 NRK-PT 14 cells. The tumors grew rapidly, reaching

diameters of 2 cm or larger by the end of 10 wk. Huello et al.
(58) have reported that virally transformed NRK cells always
form tumors in nude mice within 8 wk of injection. No tumors
were observed (after 10 wk) in the 4 mice given injections of
NRK cells, as described by Huello et al. (58). However, two
mice given injections of 2 x IO6 NRK cells developed tumors
12 wk after injection. Similar tumor formation by nontrans-
formed cells 12 wk after injection has been observed by Shin et
al. (47).

DISCUSSION

The results described in Figs. 4 and 5 support the conclusion
that differences in TGF-/3 secretion by our nontransformed and
partially transformed NRK cells are insufficient to account for
the dramatic difference in the ability of EGF to induce anchor
age-independent growth of these cells. However, the results do
not rule out the possibility that TGF-0 is secreted by NRK cells
in a latent form, and by NRK-PT14 cells in an activated form,
and that the TGF-/3 from the NRK cells is activated upon
treatment of the conditioned medium with acetic acid. Pircher
et al. (52) have observed latent TGF-0 activity in the condi
tioned medium of nontransformed and transformed NRK-49F
cells. Additionally, it is possible that growth factors other than
TGF-ÃŸ,present in our conditioned medium, may have contrib
uted to colony formation by NRK-49F cells in the experiments
described in Figs. 4 and 5 (49, 51). However, we have not
observed any significant effect of PDGF, FGF, or insulin-like
growth factor (type II) on anchorage-independent growth of
NRK-49F cells in the presence of EGF and 6% calf serum.4

Assoian (46) has suggested that the biphasic effects of TGF-

Table 3 Simultaneous effects of TGF-ft on growth and '"Â¡-labeled EGF binding
to NRK and NRK-PTÃŒ4cells in a serum-free medium

Cells were plated at 5 x IO4 (NRK) and 2 x IO4 (NRK-PT14) per well as

described in the legend to Fig. 6, except that EGF was used at a final concentration
of 0.1 ng/ml. The cells were grown for 48 h, and then TGF-0 (final concentration,
15 pM) was added to one-half of the wells, and the incubation was continued for
an additional 24 h. Cell counts and '"1-labeled EGF binding to high affinity sites
(Fig. 7) were carried out in duplicate. Binding data represent (normalized) binding
per cell.

Experiment

CelllineNRK

NRK-PTI4%

of I25l-labeled EGF
binding with the follow

ingadditionsControl

+TGF-0100
Â±1Â° 253 Â±2

100 Â±1 83 Â±2%

of growth with the
followingadditionsControl

+TGF-0100

Â±4 82 Â±2
100Â±1 117Â±2

' Mean Â±SD.

ÃŸon EGF binding to NRK-49F cells are closely related to the
inhibitory and stimulatory effects of TGF-0 on cell growth. He
reported that the transient decrease in EGF binding induced by
short exposure to TGF-0 is correlated with an inhibition of
thymidine incorporation, and that the subsequent increase in
EGF binding induced by long-term exposure to TGF-/3 is cor
related with a stimulation of thymidine incorporation in quies
cent, confluent NRK-49F monolayers. However, Massague (57)
observed that a decrease in EGF binding induced by short-term
exposure to TGF-/3 is correlated with a stimulation of thymidine
incorporation in serum-starved, sparse NRK-49F monolayers.
Our results demonstrate that a TGF-/3-mediated increase in
high affinity EGF binding to NRK cells was correlated with
inhibition of growth in a serum-free medium. In addition, a
TGF-0-mediated decrease in EGF binding was correlated with
a stimulation of the growth of partially transformed NRK-
PT 14 cells under similar conditions. These results suggest that
alterations in cellular sensitivity to TGF-/3 may result in altered
sensitivity to (or regulation of) the growth-promoting effects of
EGF.

Our observations might be explained by a TGF-/3-mediated
change in EGF receptor conformation, which locks bound EGF
or another modulator into the receptor and prevents internal-
ization and/or degradation of the EGF-receptor complex. This
could result in continuous generation, or loss of normal regu
lation, of the EGF-induced mitogenic signal. Furthermore, a
TGF-/3-mediated change in EGF receptor conformation might
prevent EGF from binding to unoccupied receptors, providing
an explanation for the decrease in EGF binding observed after
NRK-PT 14 cells are incubated with TGF-/3 in the absence of
EGF. These possibilities are currently being investigated.

PDGF has been shown to reduce EGF binding to 3T3 cells,
and alterations in both receptor number and affinity have been
implicated in this phenomenon (59, 60). PDGF has also been
shown to participate with EGF and TGF-/3 in the induction of
NRK-49F phenotypic transformation and the anchorage-inde
pendent growth of myc-1 cells (31, 49). NRK-PT14 cells may
secrete PDGF, an insulin-like growth factor, or another factor
that acts synergistically with TGF-/3 to decrease EGF binding
and/or stimulate growth.

Previous studies in several laboratories have demonstrated a
correlation between transformation and loss of cell surface EGF
binding sites (43, 61). Our results do not indicate whether
altered TGF-/3-mediated regulation of high affinity EGF recep
tors plays an important role in EGF-mediated growth of NRK-
PT 14 cells in soft agar. However, a specific role for high affinity
EGF receptors in this process is supported by our finding that
half-maximal anchorage-independent growth of these cells oc
curred in the presence of 4 pM EGF, which is only enough EGF
to saturate a small percentage of the high affinity receptor sites.

The mechanism of EGF-mediated anchorage-independent
growth of NRK-PT 14 cells is probably not related to that
responsible for EGF-mediated growth of myc-transfected 3T3
(myc-1) cells (31). Whereas retinoic acid induced anchorage-
independent growth of NRK-PT 14 cells in the presence of 10%
calf serum (31% colony formation), it inhibits the EGF-medi
ated soft agar growth of myc-1 cells (62). Moreover, these
authors demonstrated that TGF-/3 inhibits EGF-mediated soft
agar growth of myc-1 cells, whereas we observed a slight stim
ulation of EGF-mediated soft agar growth of NRK-PT14 cells
by TGF-0 (Table 2).

Our finding, that NRK-PT 14 cells are tumorigenic in nude
mice but require extremely low concentrations of EGF for
anchorage-independent growth, suggests that EGF, or another
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factor, may be required for complete expression of the malig
nant phenotype in vivo.

The availability of nontransformed, partially transformed,
and fully transformed NRK cell lines exhibiting qualitatively
different sensitivities to EGF and TGF-/3 should be useful for
the study of the role of growth factors and transforming growth
factors in normal cell growth and cell transformation.
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