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ABSTRACT

Previous studies have indicated that an autostimulatory transforming
growth factor was required for the optimal growth of SW-13 adrenal
carcinoma cells in soft agar. The production of SW-13 colony-stimulating
activity by other human malignant cell lines of both epithelial and
mesenchymal origin has been demonstrated. Evidence was presented
indicating that the stimulating activity detected in crude acid-ethanol
extracts was an acid- and heat-stable polypeptide requiring disulfide
bonds for full activity. This activity was detected more frequently in
tumors and human cancer cells in culture of epithelial origin than of
mesenchymal origin and in a variety of nonneoplastic tissues. In the
present study, this activity, termed epithelial transforming growth factor
(TGFe) because of its ability to stimulate soft agar growth of certain
epithelial cells, was partially purified from bovine kidney. Fourfold
purification of the kidney acid-ethanol extract with 50% maximal growth-
stimulatory activity of 10 Â«igwas achieved using molecular sieve chro-
matography where TGFe eluted with an apparent molecular weight of
20,000-25,000. The next purification step, molecular sieve high perform
ance liquid chromatography, yielded a 50% maximal growth-stimulatory
activity of 50 ng and an 800-fold purification from the initial acid-ethanol
extract. TGFe eluted in the M, 11,000 range. Reversed phase high
performance liquid chromatography with a CiÂ«column was then used,
yielding a single or double peak of SW-13 colony-stimulating activity at
30-35% acetonitrile. The degree of purification was 11,000-fold with a
50% maximal growth-stimulatory activity of 3.5 ng. Analysis of the peak
on 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
revealed a major and sometimes single band with a molecular weight of
23,000-25,000. Extraction of protein from the polyacrylamide gel dem
onstrated that only the M, 23,000-25,000 band stimulated soft agar
growth of SW-13 cells. The biological activity of the partially purified
TGFe was found to differ from other known growth factors with regard
to its ability to stimulate soft agar growth of SW-13 cells with the
exception of basic fibroblast growth factor (FGF). The acid lability of
FGF, the different molecular weights of these two growth factors, the
lack of stimulation of soft agar growth of A431 cells, and the lack of
binding of TGFe to FGF receptors indicated that TGFe was not related
to basic FGF. Partially purified TGFe was also found to stimulate soft
agar growth of two squamous cell carcinoma lines, A431 and 1)562. and
the mouse embryo-derived AKR-2B cells. These data suggest that TGFe
is a unique factor distinct from those previously described and it is
speculated that TGFe may play a role in normal and neoplastic growth
of epithelial cells.

INTRODUCTION
TGFs4 are operationally defined as polypeptides stimulating

anchorage-independent growth of nontransformed anchorage-
dependent cells through high affinity binding to membrane
receptors. TGFa and TGF/3 are the two major representatives.

TGFa is a A/r 5600 single chain polypeptide with 3 intrachain
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disiiltidc bonds. It shares 30 to 35% sequence homology with
human and rodent EGF (1). TGFa competes with 125I-labeled
EGF for binding to the EGF receptor completely and equiva-
lently (2, 3). TGFa activity is similar if not identical to that of
EGF. It is a potent mitogen for mesenchymal and epithelial
cells in monolayer but only a weak stimulator of anchorage-
independent growth in soft agar of mesenchymal cells (4).
TGFa acts, like EGF, in synergism with TGF/3 in promoting
soft agar growth of nontransformed NRK cells (4, 5). Unlike
EGF, TGFa has been identified only in embryonic (6) and
tumor tissue and transformed cells (1, 4, 5, 7, 8) but not in
adult nonneoplastic tissues and organs.

TGF/3 is a M, 25,000 polypeptide consisting of two identical
112-amino acid chains held together with disulfide bonds (9-
12). Platelets are the major source of TGF/3 (9, 13). TGF/3 is a
ubiquitous growth factor. It is produced by transformed and
nontransformed cell lines (14-16), solid human neoplasms (17,
18), nonneoplastic tissues (10-13, 17-19), and mouse embryos
(20). The ubiquity and high degree of conservation among
species of TGF0 (21) suggest an important role in the control
of cell growth and proliferation (22). It acts on many cells, both
mesenchymal and epithelial, and its effect differs, depending
on the cell type tested (22-24). It stimulates anchorage-inde
pendent growth of anchorage-dependent mouse embryo AKR-
2B cells (14,16) and confers transformed morphology on them
in a reversible manner (13, 25). TGF/3 is very similar to the
growth inhibitor purified from African green monkey BSC-1
cells by Holley et al. (26, 27). They both inhibit the growth of
epithelial cell lines, bind to the same receptor with the same
affinity, and have the same molecular weight of 25,000 (23).

Previous studies have indicated the presence of an apparently
novel TGF (18) in a variety of tissues, both neoplastic and
nonneoplastic. It stimulated soft agar growth of SW-13 cells,
derived from a human small cell carcinoma of the adrenal.
Evidence was presented suggesting this TGF was responsible
for autocrine stimulation exhibited by these cells. This SW-13-
stimulating activity appeared to be an acid- and heat-stable
polypeptide requiring disulfide bonds for its activity. It could
be separated from TGF/3 by molecular sieve chromatography
and RP-HPLC. In this paper we report partial purification and
further characterization of this novel TGF, called TGFe because
of its ability to stimulate soft agar growth of certain epithelial
cells.

MATERIALS AND METHODS

Cell Culture. SW-13 (28), HT-1080 (29), JEG-3 (30, 31), AN3 CA
(32), and BS-C-1 (33) cells were obtained from the American Type
Culture Collection (ATCC, Rockville, MD). A431, A549, A204, A375
(34), and NRK (clone 49F) (35) cell lines were a gift from Drs. G. J.
Todaro and J. E. De Larco. The D562 cell line was provided by Dr. R.
E. Scott who purchased it from the ATCC (36). SW620 and SW480
cell lines were given by Dr. R. J. Coffey, Jr., who obtained them from
the ATCC (37). Drs. W. Rowe and N. Teich provided the original stock
of AK.R-2B cells (38, 39); clone 84A was obtained from J. A. Proper
(20). C3H/10TV2 cells and their transformed counterpart C3H/MCA
58 cells were obtained from Dr. C. Heidelberger (40).

All cell lines were maintained in McCoy's Medium 5a (Grand Island

Biological Co., Grand Island, NY) supplemented with 5% (v/v) fetal
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bovine serum (Reheis Chemical Co., Phoenix, AZ, or K( Biologicals,
Lenexa, KS). All cell lines were used for experiments within 10 to 15
passages of the frozen stock from which they were replaced periodically.
Cells were regularly examined after Hoechst 33258 staining to ensure
that they stay free of mycoplasmas (41). Cells were grown at 37Â°Cin a

humidified atmosphere of 5% CCh and 95% air.
Tissue Extraction. Bovine kidneys were purchased from a local

slaughterhouse (Rock Dell, MN), trimmed of fat, cut into 100- to 150-
g portions, frozen in liquid nitrogen, and stored at -70Â°C until used

for extraction. A modification (18) of the acid et Hanoi procedure re
ported by Roberts et al. (42) was used.

Soft Agar Colony Stimulation Assay. Soft agar assays were carried
out as described previously (18). In some experiments HT-1080 cells
were seeded at 5 x IO3,A549 and A204 cells at 2.5 x IO3,and SW620
and SW480 cells at 1.5 x 10' cells/ml to decrease the high background

of colonies at higher cell densities. SW-13, A431, and D562 cells were
analyzed at 14 to 21 days; all remaining cell lines were analyzed at 7 to
14 days. Colonies with a diameter greater than 50 or 60 urn were
counted by the Cambridge Quantimet 800 image analysis system (Mon-

sey, NY) or the Bausch & Lomb Feature Analysis Stem Model HI
(Rochester, NY).

Hormones and Growth Factors. The following hormones and growth
factors were added to the soft agar assay to test for SW-13 colony-
stimulating activity. Sigma Chemical Co. was the source of bombesin
and heparin. Basic FGF purified to homogeneity was a generous gift
from Dr. D. Gospodarowicz (43). EGF was purified to homogeneity by
the method of Savage and Cohen (44) and radiolabeled with 125Ias

described previously (45). TGF/3 was purified to homogeneity and
radiolabeled with I25Ias described (46). Recombinant DNA produced

TGFot was obtained from Genentech, Inc. (South San Francisco, CA).
Acidic FGF purified to approximately 90% was purchased from
BiomÃ©dicalTechnologies, Inc. (Stoughton, MA).

Physical and Chemical Treatment. Aliquots of material purified by
RP-HPLC were analyzed for heat stability and sensitivity to a disulfide
bond-reducing agent and trypsin as described previously (18).

Molecular Sieve Chromatography. Two hundred mg of protein from
the crude acid-cthanol extract from bovine kidney suspended in 15 to
20 ml 1 M acetic acid were clarified at 2000 x g for 20 to 30 min. The
supernatant was then applied to a 5- x 87-cni Bio-Gel P-60 (Bio-Rad

Laboratories, Richmond, CA) column which was equilibrated with l M
acetic acid. The column was eluted at room temperature with l Macetic
acid at a flow rate of 30 ml/h and 10-ml fractions were collected. The
fractions were stored at -20"C until used. From 20 to 25 /Â¿I('/wo to

'Ami)of every second fraction were suspended in 40 n\ of 0.004 M HC1

containing 1 mg of BSA (Miles Scientific, Division of Miles Labora
tories, Inc., Naperville, IL) per ml as a carrier and lyophilized to dryness
before being used in the soft agar growth assay.

Molecular Sieve HPLC on Spherogel TSK SW3000 Column. Pooled
material from Bio-Gel P-60 fractions containing 10 to 25 mg protein
in l M acetic acid was lyophilized to 2 ml volume. The suspension was
clarified at 1000 x g for 30 min. The supernatant was applied to a 60-
cm Spherogel TSK SW3000 column equilibrated with l M acetic acid.
The column was eluted at room temperature with l M acetic acid at a
flow rate of 0.8 ml/min and 2-ml fractions were collected. The effluent
was monitored at 254 nm. The fractions were stored at â€”20Â°Cuntil
used. Aliquots of Visoto '/zooof every second fraction were suspended

in 0.004 M HC1 with 1 mg of BSA/ml as a carrier, lyophilized, and
tested for soft agar-stimulating activity. Protein content was determined
with a dye-binding assay (47).

RP-HPLC. A 1- x 25-cm Altex Ultrasphere ODS column (Altex,
Berkeley, CA) with a 4.6-mm x 4.5-cm precolumn was used. Several
mg (2 to 6) protein in l M acetic acid from either pooled Bio-Gel P-60
or TSK SW3000 peak fractions were injected in 1 or more 2-ml loads
on the ODS column and eluted with a linear (20 to 50%) acetonitrile
gradient in 0.1% (v/v) TFA. Solvent A was 0.1% (v/v) TFA in H2O.
The effluent was monitored at 254 nm. The flow rate was 1 ml/min at
40Â°Cfor the acetonitrile gradient elution. Three-mi fractions were
collected and stored at -20Â°C until further use. Aliquots ('/zooto '/MO)

of every second fraction were dissolved in 0.004 M HC1 with 1 mg
USA/ml, lyophilized, and tested for soft agar colony-stimulating activ

ity. Protein content was determined with tryptophan fluorescence using
BSA as standard (48).

I25I-labeled EGF and 125I-IabeledTGF/8 Binding Assays. A modifica

tion of the method described previously by Proper et al. (20) was used
for determining EGF receptor competing activity. Total binding was
expressed as binding of '-"1 labeled EGF in the absence of unlabeled
competitors. Nonspecific binding of 125I-labeled EGF was determined

in the presence of unlabeled EGF and was generally 5% or less of the
total counts.

The method described by Tucker et al. (46) was used to determine
TGF/3 receptor competing activity. The cells were solubili/ed either by
treatment with 1 ml 0.1 to 0.15% (w/v) collagenase (Cooper Biomedi
cai, Malvern, PA) solution in water for 5 to 10 min or by treatment
with a solution composed of 20 mM 7V-2-hydroxyethylpiperazine-jV'-2-

ethanesulfonic acid (Research Organics, Inc., Cleveland, OH), 1% (v/v)
Triton X-100, 10% (v/v) glycerol, and 0.01% (w/v) BSA in water (49).
Total binding was expressed as binding of I25l-labeled TGF/3 in the
absence of unlabeled competitors. Nonspecific binding of I25l-labeled
TGF|8 was determined in the presence of 1000-fold excess of unlabeled
TGF/3 and was generally 30% or less of the total counts.

Electrophoresis on SDS-Polyacrylamide Gels. A modification of the
procedure of Laemmli (50) with the discontinuous buffer system was
used. Most reagents for SDS-polyacrylamide gel electrophoresis were
from Bio-Rad. Molecular weight standards were obtained either from
Bethesda Research Laboratories (Gaithersburg, MD) or Bio-Rad. SDS
was used as a dissociating agent and bismercaptoethanol as a reducing
agent. Lyophilized aliquots of fractions from chromatography columns
were dissolved in 10 /xl0.004 MHC1 and 40 n\ Laemmli buffer. Samples
were heated in boiling water for 3 min and run on 12.5% acrylamide
resolving gel in a Tris-glycine-SDS buffer. The gels were then fixed in
50% methanol with or without 10% acetic acid, washed with water,
and 10% glutaraldehyde, and stained with silver nitrate.

Growth Factor Elution from SDS-Polyacrylamide Gels. A modifica
tion of the method described previously by Roberts et al. (11) was used.
Samples of material purified by RP-HPLC were applied boiled and
nonboiled to SDS-polyacrylamide gel and run as described above.
Following electrophoresis, one portion of the gel containing a fraction
of the tested sample and molecular weight standards was stained with
silver nitrate.

The second portion of the gel was transferred on a glass plate, kept
frozen on dry ice, and cut with a scalpel into 3-mm slices. Each slice
was crushed and transferred onto glass wool packed tightly in 3-ml
plastic syringes with their tips sealed. The crushed gel slices were
extracted for 24 h at room temperature in a small volume (0.5 to 1 ml)
of l M acetic acid containing 200 MgBSA/ml as a carrier. Eluates were
dialyzed for 36 h either in a microdialysis unit (Bethesda Research
Laboratories) against three 12-h changes of 4 liters of l M acetic acid
or in dialysis tubing against three 12-h changes of 4 liters of 1% (v/v)
acetic acid, lyophilized, and tested for soft agar-stimulating activity.

RESULTS

Acid-EthanoI Extraction. Data obtained in previous experi
ments demonstrated the production by a variety of tissues both
malignant and nonneoplastic of a polypeptide growth factor
involved in stimulation of SW-13 cells (18). Bovine kidney was
selected as a source of TGFe because of the high SW-13-
stimulating activity content present in nonneoplastic kidney,
both human and bovine, and because of its ready availability.
Freshly obtained kidneys were trimmed free of fat, cut into 100-
to 150-g portions, and stored at -70Â°C until used. The acid-

ethanol procedure of Roberts et al. (42) was used as a first
purification step. The yield was 15 to 20 mg protein/g of wet
tissue as determined by the dye-binding assay. ED50was defined
as the concentration of protein required to give 50% maximal
response measured as SW-13 colony-stimulating activity. The
ED50 at this stage of purification was 40 /Â¿gprotein/ml (Table
1).

Molecular Sieve Chromatography. A Bio-Gel P-60 molecular
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Table 1 Purification ofTGFe'MethodAcid-ethanol

extraction
Bio-Gel P-60
TSR SW3000
Câ€žRP-HPLCProtein

re
covery7500mg375

mg
18.75mg

262 â€žgEDÂ»40,ig

10Mg50
ng

3.5 ngUnits

xIO'3187.537.5

375
74.86Specific

activity
(units/Mg)0.0250.120

286Purifi

cation
degreeI4

800
11,430%

of re
covery

of activity10020

20040

* Bovine kidney (500 g) was used.

15 19 23 27 31 35 39 43 4711

Fig. 1. Bio-Gel P-60 chromatography of acid-ethanol extract from bovine
kidney. Two hundred mg of protein concentrate were loaded on a Bio-Gel P-60
column and eluted with I M acetic acid. Aliquots of %oo to '/soo fraction were
tested for soft agar growth stimulation of SW-13 cells. (I. carbonic anhydrase.

sieve column was used as the second purification step. Two
hundred-mg aliquots of protein from acid-ethanol extracts of
bovine kidney were solubili/ed in l M acetic acid and loaded on
a Bio-Gel P-60 column equilibrated with l M acetic acid. The
column was eluted with l M acetic acid. Aliquots of '/too to '/soo

of every second fraction were lyophilized, acid solubiiized, and
tested for soft agar stimulation of SW-13 cells. A single peak
of SW-13 activity emerged with an apparent molecular weight
of around 20,000 to 22,000 (Fig. 1). Five to 10% of the protein
and 20% of the biological activity were recovered in this peak.
The EDso was 10 n%/m\\ therefore approximately 4-fold puri

fication was achieved (Table 1).
To achieve further purification of TGFe, active P-60 fractions

were pooled, lyophilized to a volume of 2 ml, applied to a
molecular sieve Spherogel TSR SW3000 HPLC column, and
eluted with l M acetic acid. A single peak of SW-13 soft agar
activity of apparent molecular weight of 11,000 appeared after
the elution of majority of protein. This difference in apparent
molecular weight between Bio-Gel P-60 and Spherogel column
was attributed to the adherence of TGFe to silica-based Spher
ogel. Aliquots of '/zoofraction were sufficient to elicit marked

soft agar activity which was dose dependent (Fig. 2). The protein
recovery in the active fractions was somewhere between 5 and
10% of loaded material, and the ED50 was 50 ng; therefore the
acid-ethanol extract was purified approximately 800-fold. The
marked enhancement (200%) in the recovery of biological ac
tivity was likely to be due to the removal of an inhibitor (Table
1). We think that this inhibitor is TGFjS which partially coelutes
with TGFe on Bio-Gel P-60 column (18) and which inhibits
soft agar growth of SW-13 cells (see below).

Reverse Phase HPLC. RP-HPLC was used as the next puri
fication step. Ten to 16 active fractions from the Spherogel
TSR SW3000 column were pooled and further purified by
HPLC on a reverse phase C,8 (ODS) column using a linear

29 33 37 41 45 49 S3 57 61 65 69 73 77

Fraction Number

Fig. 2. Molecular sieve Spherogel TSK SW3000 HPLC. Pooled P-60 fractions
were lyophilized down to 2 ml volume, loaded on a TSK SW3000 column, and
eluted with l M acetic acid at a flow rate of 0.8 ml/min. Aliquots Vioo(O) and
'/zoo(â€¢)fraction were used to stimulate soft agar growth of SW-13 cells. ,
absorbance (O.D.). K, molecular weight in thousands; CA, carbonic anhydrase.

gradient of 20 to 50% acetonitrile in 0.1% TFA. Aliquots of
'/JOGof fractions were used in the soft agar growth assay. A
single or double peak of SW-13 soft agar activity eluted at
approximately 30 to 35% acetonitrile corresponding to a MT
23,000 to 25,000 band when Vioto VMof fractions was run on
a 12.5% SDS-polyacrylamide gel (Fig. 3). The protein recovery
was 1.5% and the ED50 was 3.5 ng. This represents an 11,000-
fold degree of purification and 40% recovery of initial biological
activity (Table 1). Lyophilization of material starting with
fractions from the Spherogel TSK SW3000 column was omit
ted to avoid losses frequently associated with this step. Peak
fractions from several RP-HPLC runs were pooled and lyoph
ilized to small volume (stock solution). One unit was measured
as EDso which was determined as the volume of stock solution
of TGFe required for 50% maximal stimulation of soft agar
growth of SW-13 cells (Fig. 4). A preparation contained 0.5 to
5 ng/jd.

Analysis on and Elution from SDS-Polyacrylamide Gels.
When analyzed on 12.5% SDS-polyacrylamide gels under non-
reducing conditions, a major protein band with an apparent
molecular weight of 23,000 to 25,000 was noted only in frac
tions containing SW-13 colony-stimulating activity (Fig. 3). To
prove that this M, 23,000 to 25,000 polypeptide is responsible
for soft agar growth of SW-13 cells, and not one of the other
bands observed in some preparations usually in the lower mo
lecular weight range or around 43,000, the activity was eluted
from a SDS-polyacrylamide gel. RP-HPLC fractions contain
ing SW-13 colony-stimulating activity were pooled, lyophilized,
resuspended in Laemmli sample buffer, and run in two lanes
on a 12.5% SDS-polyacrylamide gel. The lanes were separated
and one was stained while the other was cut into 3-mm gel
slices. Each slice was crushed and eluted in l M acetic acid
containing 200 fig BSA/ml as a carrier. The eluate from each
gel slice was lyophilized, resuspended in medium, and tested
for SW-13 colony-stimulating activity in soft agar cultures. All
of the soft agar colony-forming activity was associated with the
M, 23,000 band even in the presence of a prominent M, 43,000
and some low molecular weight bands (Fig. 5). These data show
that the molecular weight of TGFe is probably 23,000 to
25,000.

Physical and Chemical Treatment of TGFe. Physical and
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Fig. 3. RP-HPLC of pooled peak fractions
from Spherogel TSK SW3000 column. In the
final purification step peak fractions from the
molecular sieve Spherogel TSK SW3000 col
umn were pooled and loaded directly on an
Altex Ultrasphere ODS column (1 x 25 cm).
A linear gradient of 20 to 50% acetonitrile
containing 0.1% TFA over 75 min at a flow
rate of 1 ml/min was used. SW-13 colony-
stimulating activity eluted as a single or double
peak at 35% acetonitrile. This activity from
fraction 20 corresponded to a M, 23,000-
25,000 band on a 12.5% SDS-polyacrylamide
gel (bottom). Top, typical protein profile for a
RP-HPLC run.

1 3 5 7 9 11

24

7 20
o

,2

S 8

13 15 17 19 21 23 25 27 29 31

Fraction number

35 37 39 41

3 5

lOO'Â¿

80 I

60

40

20

I3 I5 I7 I9 2I 23 25 27 29 3I 33 35 37 39 4I

Fraction number

1-43

1-25.7

Iâ€”18.4
I- 14.3
1-6.2

0,02
Units TGFe

Fig. 4. Determination of EDÂ»of pooled RP-HPLC fractions. RP-HPLC peak
fractions from several runs were pooled and lyophilized to small volume (stock
solution). EDÂ»was determined as the volume of stock solution of TGFe required
for 50% maximal stimulation of soft agar growth of SW-13 cells. A typical
preparation contained 0.5 to 5 ng of TGFe/^l.

chemical treatment described under "Materials and Methods"
of aliquots of TGFe purified by RP-HPLC was performed to
compare the nature of the purified material with the properties
of impure preparations as described previously (18). Ninety-
one and 103% activity was retained by exposure to 56Â°Cfor 30
min or to 100'C for 5 min, respectively (Table 2). Trypsin

treatment abolished 87% activity, whereas 65% activity was
retained with trypsin preincubated with soybean trypsin inhib
itor. Dithiothreitol abolished 17% of the activity. Under reduc
ing conditions, the migration of the A/, 23,000 band correspond
ing to SW-13 colony-stimulating activity on a 12.5% SDS-
polyacrylamide gel was only slightly retarded (data not shown),
thus suggesting that this protein is a single chain. These results
indicate that TGFe is indeed a heat-stable single chain polypep-
tide only partially sensitive to reducing agents (Table 2).

Effects of Growth Factors on SW-13 Colony Formation. In
order to determine the relationship, if any, of TGFe to other
known growth factors, a variety of growth factors was examined
for SW-13 colony-stimulating activity in soft agar cultures.
Only the preparation of basic FGF (used at concentrations of
0.001-100 ng/ml) from all of the growth factors and hormones
tested stimulated soft agar growth of SW-13 cells (Table 3).

EGF (0.1-1000 ng/ml) and TGFÂ« (0.1-30 ng/ml) had no
effect on SW-13 cells, and neither did bombesin (0.1-1000 ng/
ml). TGF/3 (0.01-30 ng/ml) did not stimulate soft agar growth
of SW-13 cells (Table 3); in some experiments it decreased the
number of SW-13 colonies as compared to the background.
Acidic FGF did not stimulate soft agar growth of SW-13 cells
(0.01-100 ng/ml) with or without the addition of heparin (10
Mg/ml). Heparin inhibited soft agar growth of SW-13 cells
regardless of the presence of acidic FGF. Insulin (1-1000 ng/
ml), hydrocortisone (lO'^-lO"4 M), dexamethasone (1-1000

Â¿Â¿g/ml),concanavalin A (1-100 /Â¿g/ml),phytohemagglutinin
(1-100 Â¿ig/ml),lysine-vasopressin (1-100 pg/ml, and multipli
cation-stimulating activity (1-100 ng/ml) had no effect on SW-
13 colony formation in soft agar as reported previously ( 18).

Comparison with Basic FGF. Pure basic FGF stimulated soft
agar growth of SW-13 at concentrations of 1 ng or more per
ml. However, the following data indicate that TGFe is distinct
from FGF. The ability of FGF to stimulate soft agar growth of
SW-13 cells was abolished upon exposure of FGF to pH 1.5 to
2.0 (data not shown), confirming previous data (51) that FGF
is acid labile. Unacidified FGF did not stimulate soft agar
colony formation of A431 cells even at concentrations of 30
ng/ml (data not shown), whereas TGFe elicited soft agar growth
of A431 cells (Fig. "IA). Both growth factors also differ in their

molecular weights as determined by SDS-polyacrylamide gel
electrophoresis. The molecular weight of TGFe is 23,000 to
25,000 and that of basic FGF is 16,000 (51). Perhaps most
important is the fact that partially purified TGFe did not bind
to the FGF receptor as determined in the FGF radioreceptor
binding assay using BHK-21 cells (43) kindly performed by Dr.
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43 25.7 18.4 14.3 12.3 6.2 3

12 18 24 30 36 42 48 54 60 66 72 78 84 90 90 102 OS 114120 126 132 138 MM
Fig. 5. Elution of TGFe from SDS-polyacrylamide gel. To prove that the M, 23,000-25,000 band represents TGFe, a SDS-polyacrylamide gel was cut into 3-mm

slices. Each slice was eluted with l M acetic acid and tested in soft agar for SW-13 colony-stimulating activity. A single peak of activity was associated with a M,
23,000 band in this experiment.

Table 2 Effects of physical and chemical treatment of 10-unit aliquots of TGFe
on stimulation of SW-13 cell colony formation in soft agar"

TreatmentTGF,

nodialysisTGF,
dialysis56'C,

30min100'C,
5minTrypsinTrypsin,

+ soybeantryp-sin
inhibitorDithiothreitolNo

TGF%

of stim
ulation1001109110313658329

" Mean of 2 assays each performed in duplicate.

Table 3 Stimulation of SW-13 cell colony formation in soft agar by hormones
and growth factors

Hormone or growthfactorTGFe

(4 units)
Basic FGF (0.001-10 ng/ml)
Acidic FGF (0.01-100 ng/ml)
EGF (0.1 -1000 ng/ml)
TGFa (0.1-30 ng/ml)
TGF/3 (0.01-30 ng/ml)
Bombesin (0.1-1000 ng/ml)Soft

agar colonies
(>60 Â»imdiameter)"599*

869C
O"

0
0
0
0

" Background of 1 to 479 colonies/dish subtracted.
* Positive control run in the same assay with basic FGF.
' At 3.3 ng/ml which gave maximal number of colonies.
d With or without heparin (10 Mg/ml).

D. Gospodarowicz. The sensitivity (50 pg of FGF/10 /Â¿I)of this
assay* virtually excludes the presence of significant amounts of

basic FGF in preparation of TGFe. These data suggest that
TGFe is distinct from FGF and that it binds to a receptor other
than the FGF receptor.

I25l-labeled TGF/8 and 125I-labeled EGF Binding Assays. RP-
HPLC-purified TGFe was examined in radioreceptor assays for
its binding to TGF/3 and EGF receptors. No competition for
the TGF/3 receptor was obtained when using 0.01 to 30 units
of TGFe in several assays, whereas 50% inhibition of specific
binding was achieved with 3 ng of pure unlabeled TGF/3.

When competition assay for 125I-labeled EGF binding was

performed, only weak (33%) binding at high concentrations (30

5 D. Gospodarowicz, personal communication.
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Fig. 6. Stimulation of DNA synthesis in quiescent SW-13 cells in monolayer.

SW-13 cells were seeded in 24-well plates and grown until confluent. Cells were
stimulated to synthesize DNA by changing to fresh McCoy's Medium 5a contain

ing 5% fetal bovine serum without (â€¢)or with 0.1 (x), 1 (A), and 3 (O) units/ml
of RP-HPLC-purified TGFe. This was followed by a 1-h pulse with [3H]thymidine
at times indicated on the abscissa. The experiment was performed twice in
duplicate.

units) of TGFe was observed and was probably a nonspecific
effect. Comparable weak binding to the EGF receptor was
obtained with high concentrations of pure TGF/3 (data not
shown). Fifty and 94% competition with '"I-labeled EGF for

binding to A431 cells was achieved with 6 and 100 ng of
unlabeled EGF, respectively, in the same assay.

The I25l-Iabeled EGF binding assay was also performed using
SW-13 cells rather than A431 cells to determine the level of
EGF binding to SW-13 cells. No binding was detected even
when using high cell concentrations, such as 2 x 10s SW-13
cells/ml. The level of TGF/3 receptors in SW-13 cells was
determined previously to be one-fifth of TGF/3 receptor level in
AKR-2B cells.6 These results indicate that TGFe is not related

to previously described TGFs, a and ÃŸor other growth factors
and does not bind significantly to either TGF/3 or EGF receptors
and thus raise the possibility that TGFe binds to a yet not
described receptor.

Effects of TGFe on SW-13 Cells in Monolayer. Partially
purified TGFe was shown to stimulate DNA synthesis in quies
cent SW-13 cells to a mild degree. It gave a maximum 2.7- to
3.1-fold increase in [3H]thymidine incorporation at a concen

tration of 3 to 10 units/ml medium (Fig. 6). A slight increase

6 R. F. Tucker, E. L. Branum, and H. L. Moses, unpublished observations.
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Fig. 7. TGFe stimulation of growth in soft agar of several cell lines. A431 (A),
D562 (B), and AKR-2B (C) cells were plated in soft agar at 7.5 x IO3 cells/ml

and stimulated with TGFe at concentrations 0.01 to 10 units/ml. Colonies larger
than SO/jm in diameter were counted 7 (for AKR-2B cells) and 14 (for A431 and
D562 cells) days later. Each experiment was performed twice in duplicate.

in [3H]thymidine incorporation was observed at 0.1 unit/ml.

The kinetics showed that the increase was transient, starting to
rise at 21 h after the medium was changed, peaking at 24 h,
and decreasing sharply at 36 h. These preliminary data indicate
that TGFe may also act as a inilÃ¶gen for SW-13 cells grown in

monolayer.
Effects of EGFe on Anchorage-independent Growth of Various

Cell Lines. Several cell lines of both epithelial and mesenchymal
origin were examined for their sensitivity to TGFe in soft agar
cultures to determine the tissue and cell type specificity, if any,
of action of TGFe. Two human malignant epithelial cell lines
A431 and D562, both derived from squamo us cell carcinomas,
required 10 times higher concentration to achieve the same
degree of soft agar growth as SW-13 cells (Fig. 7, A and B).
Nontransformed mouse embryo AKR-2B cells were moderately
responsive to TGFe and could be stimulated to grow in soft
agar with the same sensitivity as A431 and D562 cells (Fig.
1C). It is interesting to note that crude acid-ethanol extracts
which stimulated soft agar growth of SW-13 did not stimulate
soft agar growth of A431 due to the presence of TGF/3 which
is inhibitory for soft agar growth of A431 cells.7 Two other

human malignant epithelial cell lines, A549 (derived from a

7J. Halper and H. L. Moses, unpublished observations.

bronchioloalveolar carcinoma of the lung) and SW620 (derived
from an adenocarcinoma of the colon), showed borderline sen
sitivity to TGFe with only minimal increase in colony number.
However, both lines form soft agar colonies even at cell densities
lower than 7.5 x IO3cells/ml. All the remaining cell lines tested

were not responsive to this TGF. These included a human
colonie adenocarcinoma SW480, an endometrial carcinoma
AN3 CA, a choriocarcinoma JEG-3, a rhabdomyosarcoma
A204, a fibrosarcoma HT-1080, non transformed mouse em
bryo C3H/10T'/z, their transformed counterpart C3H/58MCA,
and African green monkey kidney BSC'-I cells. These findings

indicated that TGFe may be a mitogen for selected epithelial
cell types in addition to SW-13 cells.

DISCUSSION

This paper deals with the purification and initial characteri
zation of a novel transforming growth factor, TGFe. Because
TGFe induces anchorage-independent growth of certain cell
lines, it fits the operational definition of a transforming growth
factor (25). It stimulates soft agar growth of certain epithelial
cell lines such as SW-13 cells, derived from a human carcinoma
of the adrenal cortex; two human squamous cell carcinoma cell
lines, A431 and D562; and mouse embryo AKR-2B cells.
Previous studies indicated TGFe to be distributed in a variety
of tissues, both neoplastic and nonneoplastic (18). Purification
and characterization of TGFe from bovine kidney revealed it
to be a single M, 23,000-25,000 polypeptide chain as deter
mined by SDS-polyacrylamide gel electrophoresis. That TGFe
is a polypeptide with disulfide bonds can be inferred from its
partial sensitivity to reducing agents like dithiothreitol and from
its acid and heat stability (10). TGFe probably binds to a
membrane receptor distinct from the EGF, TGF/3, or basic
FGF receptors.

To show that this activity does not represent any of the
already characterized growth factors and hormones, purified
factors were tested for their SW-13 soft agar-stimulating activ
ity. Of the growth factors tested only basic FGF stimulated soft
agar growth of SW-13 cells. However, evidence was gathered
indicating that basic FGF and TGFe are two distinct growth
factors. The acid lability of basic FGF, the different molecular
weights of these two growth factors, the lack of stimulation of
soft agar growth of A431 cells by basic FGF, and, perhaps most
important of all, the lack of binding of TGFe to the basic FGF
receptor strongly indicate that TGFe is a growth factor different
from basic FGF.

TGF/3, TGFa, EGF, acidic FGF, and bombesin did not have
SW-13-stimulating activity. In addition, TGF0 inhibited soft
agar growth of SW-13 cells and SW-13 cells did not bind EGF.
In view of the lack of detectable EGF receptors and the lack of
EGF stimulatory activity in both soft agar and monolayer on
SW-13 cells, EGF (and TGFa) is an unlikely candidate for a
growth stimulator for these cells. The lack of insulin and
multiplication stimulating activity effects on SW-13 cell growth
(18) in soft agar strongly indicates that the TGFe is not related
to the family of insulin-like growth factors. These findings
provide more supporting evidence that SW-13 soft agar activity
represents a novel TGF. PDGF was not compared to TGFe for
following reasons. Epithelial cells lack PDGF receptors in their
membranes (52); one such example is A431 cells (52) which are
stimulated by TGFe to grow in soft agar. Under reducing
conditions PDGF travels at lower molecular weight in SDS-
polyacrylamide gels (52). TGFe is only slightly retarded under
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those conditions, indicating that it is a single chain polypeptide,
and not a dimer like PDGF.

The group of TGFs which includes well defined TGFÃŸ(12,
22) and the less characterized acid- and heat-labile TGF72 (53,
54) and other growth factors, such as PDGF (52, 55) and FGF
(56), exert their stimulatory effect on mesenchymal cells. In
sulin-like growth factor I (57), EGF (58), and TGFa (4) are
nonspecific in their action and stimulate growth in monolayer
of both mesenchymal and epithelial cells. Both EGF and TGFa
enhance soft agar growth of both mesenchymal and epithelial
cells (4, 59) again in a nonspecific way.

Two squamous cell carcinoma cell lines, A431 and D562,
were sensitive to TGFe. Squamous cell carcinomas in general
possess increased numbers of EGF receptors on their surface
as compared to other cell types (60, 61). However, the role of
EGF or TGFa (which binds to the EGF receptor) in prolifera
tion of these malignancies is not well understood. Reports on
the effect of EGF on A431 cells have been contradictory thus
far. Inhibition of growth (61, 62) and stimulation of prolifera
tion with very low concentrations of EGF (63) have been
reported. Stimulation of soft agar growth of A431 and D562
cells with TGFe suggests that TGFe may play an important
role in growth and proliferation of squamous cell carcinomas.
Both A431 and D562 cells were one order of magnitude less
sensitive to TGFe than SW-13 cells. The presence of very low
concentrations of another growth factor stimulating A431 and
D562 copurifying with TGFe on RP-HPLC cannot be excluded.
However, this possibility seems unlikely because of relatively
low concentrations of TGFe required for their soft agar growth.
That different cells exhibit different degrees of sensitivity to
various growth factors has been documented in the case of
TGF/3 (22) and EGF (61-63).

Future studies are necessary to characterize TGFe in more
detail. Development of a radioreceptor assay and characteriza
tion of its receptor would enable determination of which cells
are responsive to this TGF and which cells produce it. The
primary amino acid sequence is necessary in order to determine
the degree of relatedness or the lack thereof between TGFe and
other growth factors. It is likely that other growth factors
necessary for the growth of epithelial cells are yet to be discov
ered.
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