
(CANCER RESEARCH 51, 5253-5260, October 1, 1991]

Human Carcinoid Cell Production of Paracrine Growth Factors That Can Stimulate
Fibroblast and Endothelial Cell Growth1

R. Daniel Beauchamp,2 Robert J. Coffey, Jr., Russette M. Lyons, Elizabeth A. Perkett, Courtney M. Townsend, Jr.,

and Harold L. Moses
Department of Surgery [R. D. B., C. M. T.] and the Department of Human Biological Chemistry and Genetics [R. D. BJ, The University of Texas Medicai Branch,
CohÃ©sion,Texas 77550; Departments of Medicine [E. A. P., R. J. C.], Pediatrics [E. A. P.], and Cell Biology [R. J. C., H. L. M.], Vanderbilt University, Nashville,
Tennessee 37232; and Genetic Therapy, Inc., Gaithersburg, Maiyland 20878 [R. M. L.]

ABSTRACT

A serotonin-secreting human pancreatic carcinoid cell line (BON) is
demonstrated to express transcripts for all three mammalian types of
transforming growth factor /( (TGF01, 2, and 3). Similarly, freshly
excised carcinoid tumors from six patients were also found to express
mRNA for all three of the type-0 TGFs. Medium conditioned by BON
cells had detectable TGF0 activity, although most of the activity was
latent as determined by radioreceptor assay with and without prior acid
treatment. However, nonactivated BON-conditioned medium stimulated
DNA synthesis, soft agar growth, and an increase in TGF01 and fibro-
nectin mRNA expression in AKR-2B fibroblasts. In addition, BON-
conditioned medium had a potent endothelial cell growth-stimulatory
activity. Since the TGF/8s inhibit growth of endothelial cells, the presence
of other growth factors was suspected. TGFa, c-.v/.v,and basic fibroblast
growth factor transcripts were also found to be expressed by the BON
carcinoid cells. These data indicate that multiple peptide growth factors
may have a paracrine role in the desmoplastic reaction accompanying
carcinoid tumors.

INTRODUCTION

Carcinoid tumors of the gut arise from enterochromaffin
cells which are found from the foregut to the hindgut. Carcinoid
tumors typically produce serotonin and often produce a number
of biologically active neuropeptides. The tumors may be found
anywhere along the gastrointestinal tract from the esophagus
to the rectum and may be found in the bronchial tree and lungs
as well as the ovaries (1). Among the remarkable features of
carcinoid tumor is the frequent occurrence of significant fibro-
blastic reaction. Intestinal tract carcinoid tumors often present
with intestinal obstruction or infarction caused by an extensive
desmoplastic reaction with fibrosis occurring throughout the
abdomen, including the bowel wall and mesentery (2). A poten
tially related problem in patients with carcinoid syndrome is
the endocardia! fibrosis syndrome in which the most common
lesions involve the valves of the right side of the heart with
resultant tricuspid insufficiency and pulmonary rÃ©gurgitation.
The cause of the fibrosis in patients with carcinoid tumors is
unclear; serotonin has been implicated as an etiologic factor
(3).

Serotonin may have a role in the stimulation of fibrosis;
however, it seems likely that other factors produced by carcinoid
tumors may participate in the direct stimulation of fibroblasts
and other cells such as endothelial cells. Serotonin alone has
no mitogenic effect on Chinese hamster lung fibroblasts but
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potentiates the mitogenic effect caused by bFGF' (4). However,

a number of peptide growth factors that are produced by a
number of tumors, including TGFa (5) and ÃŸ(6), FGFs (7),
bombesin, thrombin, insulin-like growth factors, and PDGF
(8), can individually stimulate growth of fibroblasts and other
cells in cell culture systems. Of particular interest is the TGF0
family of peptides which has pleiotropic effects on fibroblasts
(reviewed by Moses et al. and Lyons and Moses, Refs. 9 and
10). TGF0 can induce the production and deposition of extra
cellular matrix through an increase in collagen, fibronectin, and
proteoglycan expression; an increase in integrin expression; a
decrease in expression of proteases such as collagenase and
transin; and an increase in expression of protease inhibitors
such as plasminogen activator inhibitor type I and tissue-spe
cific inhibitor of metalloprotease. Furthermore, TGF/3 is chem-
otactic for fibroblasts as well as macrophages in cell culture
systems, and when injected s.c. into newborn mice it rapidly
induces a local fibrotic response.

The purpose of the present study was to determine whether
carcinoid tumors produce peptide growth factors, particularly
the TGF/3 family, that may play a role in the desmoplastic
response. A human pancreatic carcinoid tumor line, BON,
established from xenograft in nude mice (11), and freshly ex
cised midgut carcinoid tumors were found to express three
types of TGF0S which could stimulate the fibroblastic response
associated with these tumors. Crude serum-free medium con
ditioned by BON cells had potent stimulatory effects on fibro
blasts and could stimulate growth of vascular endothelial cells,
indicating the production of factors other than the TGF/3s.
Expression of TGFa, PDGF, and bFGF that could potentially
contribute to the fibroblastic and angiogenic responses to these
tumors was also demonstrated. The data indicate that secretion
of multiple polypeptide growth factors by carcinoid cells may
account for the accompanying desmoplastic reaction.

MATERIALS AND METHODS

EGF, purified from mouse submaxillary glands, was purchased from
Collaborative Research, Inc. (Bedford, MA). Serotonin and bovine
insulin were obtained from Sigma Chemical Co. (St. Louis, MO).
Bovine bFGF was kindly donated by Lawrence Cousens (Chiron, Emer
yville, CA). Porcine platelet TGF/31 and TGF/32 proteins were obtained
from R&D Systems (Minneapolis, MN). A431 cells were obtained from
the American Type Culture Collection (Rockville, MD).

The anti-TGF/3 IgG antibody (no. 282) was purified from rabbit
antisera raised against platelet-derived porcine TGF/31 as previously
described (12). This antibody is capable of binding and neutralizing
active TGF/3 in culture medium.

BON Cell Culture. BON is a cell line derived from a peripancreatic
lymph node that contained a metastatic deposit from a carcinoid tumor

'The abbreviations used are: bFGF, basic fibroblast growth factor; TGF,
transforming growth factor; PDGF, platelet-derived growth factor; EGF, epider
mal growth factor; FBS, fetal bovine serum; CM. conditioned medium; AA-CM,
acid-activated CM; N-CM, neutral CM; cDNA, complementary DNA. CHL,
Chinese hamster lung.
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of the pancreas. BON cells retain many of the characteristics of the
original carcinoid tumor including the presence of chromogranin A
immunoreactivity and the production and release of both 5-hydroxy-
tryptophan and its decarboxylated product 5-hydroxytryptamine (se
rotonin) (11). These features are consistent with carcinoids of both
foregut and midgut origin.

The BON cells were grown in Dulbecco's modified essential medium

(GIBCO, Grand Island, NY) supplemented with 10% (v/v) FBS (Ar
mour Pharmaceutical Co., Kankakee, IL). The cells were grown at 37Â°C

in an atmosphere of 95% air and 5% CO2. All experiments were
performed within ten passages of the frozen stocks from which the cells
were recovered periodically.

The carcinoid tumor specimens were collected from surgical pathol
ogy (Vanderbilt University) samples that were quick-frozen in liquid
nitrogen and stored at â€”¿�70Â°Cuntil further processing.

RNA Analysis by Northern Hybridization. RNA was extracted and
analyzed by Northern hybridization analysis by previously described
methods (13, 14). The probes used to hybridize RNA blots were derived
from the following cDNAs: human TGFa (15); mouse TGF(31 (5);
human TGF,32 (16); human TGF/33 (17); human c-sis (18); bovine

bFGF (19); human EGF receptor (20); cyclophilin (1B15) (21); rat
fibronectin (22); and mouse a2 (I) collagen (23). The complementary
RNA probes were labeled with [32P]a-UTP as previously described (24).

The cDNA inserts were labeled by a random primer method (25).
Hybridizations and posthybridization washes were performed as

described previously (13, 14). After washes were completed, the filters
were exposed to X-ray film with an intensifying screen at -70Â°C.

Autoradiographic signal intensity was determined by laser
densitometry.

Collection and Processing of Serum-free Conditioned Medium. Serum-
free medium conditioned by BON cells grown in 175-cm2 flasks or in
490-cm2 roller bottles (Falcon, Oxnard, CA) was collected as previously
described (26). Twenty ml of medium were conditioned in the 175-cm2
flasks which contained approximately 3 x IO7 cells, and 25 ml of

medium were conditioned in the roller bottles which contained approx
imately 3.9 x 10" cells. Since TGF/3 released from cells in a latent

form, it is often necessary to activate it by extremes of pH (27) or with
a protease such as plasmin (28). To activate latent TGF0 in the CM,
aliquots were acidified to a pH of 1.5 with 12 N HC1, incubated for l h
at 4Â°C,and then reneutralized with ION NaOH to pH 7.2. This acid-

treated, reneutralized medium is referred to as AA-CM. The untreated
CM is referred to as N-CM.

Assays for TGFa and TGF/8. BON CM was assayed for EGF/TGFÂ«-
like competing activity in an EGF radioreceptor assay by previously
described methods (26, 29).

TGF/3 radioreceptor assays were done in triplicate using AKR-2B
(clone 84A) cells as previously described (26). TGF/31 was radiolabeled
(specific activity, 2.3 x 10s cpm/^g) using a modified chloramine-T

method described by Frolik el al. (30). Nonspecific binding was deter
mined in the presence of a 150-fold excess of unlabeled TGF/31 and
was less than 30%. This assay is specific for TGF/3 binding, and we
have observed that TGF/31 and TGF/32 compete equally in binding
assays with 84A fibroblast cells.

Soft agar assays were performed using various concentrations of CM
to stimulate soft agar colony growth of AKR-2B (clone 84A) cells as a
previously described (26) estimate of TGF/3-like bioactivity. Colonies
were allowed to grow for 2 weeks, and colonies greater than 50 ^m
diameter were quantitated on a Bausch and Lomb Omnicon (Rochester,
NY) colony counter. The nontransformed AKR-2B (clone 84A) cells

are from a mouse fibroblast cell line of embryonic mesenchymal origin
(31) and were used as indicator cells in both soft agar and radioreceptor
assays. To determine the specific contribution of TGFÃŸto the observed
soft agar colony formation stimulated by CM, the CM was preincubated
with anti-TGF/3 IgG 282 or with control IgG (normal rabbit IgG) at
either 50 or 100 ng/m' concentration.

I'll]Ihyniidini' Incorporation Assay. The [3H]thymidine incorpora

tion assay was performed as previously described (32) using serum-
starved, quiescent AKR-2B cells under various restimulation condi
tions. The data represent the mean of triplicate determinations Â±SEM.

[3H]Thymidine incorporation in AKR-2B cells as determined by this

method correlates well with autoradiographic nuclear labeling (32) and
thus accurately reflects DNA synthesis.

Endothelial Cell Growth. Bovine pulmonary artery endothelial cells
were grown in a basal medium of a 1:1 mixture of Medium 199 and
Dulbecco's modified essential medium supplemented with 5% FBS

(GIBCO), 5% Nu-serum (Collaborative Research, Inc., Lexington,
MA), 1% L-glutamine, 100 units/ml penicillin, and 100 tig/ml strep
tomycin using previously described methods (33, 34). The cells were
verified as endothelial cells by their cobblestone morphology, the pres
ence of angiotensin-converting enzyme activity, binding of acetylated
low-density lipoprotein, and the presence of factor VIII associated
antigen. Cells between passages 5 and 20 were used in the studies.

Experimental media were prepared by adding BON CM in varying
concentrations to medium 199. FBS was always present at a final
concentration of 10%.

For growth studies, endothelial cells were removed with gentle tryp-
sinization and seeded into 24-well plates at a density of 5,000-10,000
cells/well in medium 199 containing 10% FBS. After 24 h, medium
was removed and experimental media were added to the cells. Cells
were counted with a Coulter counter after trypsinization of cells from
wells. Cell number was determined prior to the addition of experimental
media and at 2- to 3-day intervals.

RESULTS

TGF/3 Transcript Expression. Expression of the type-0 TGFs
in freshly excised carcinoid tumors from six patients was deter
mined by Northern blot analysis (Fig. \A). These tumors uni
formly express abundant mRNA for the three types of TGF0,
a result similar to that for the BON cell line (see below).
Furthermore, transcripts for TGFa and the EGF/TGFa recep
tor were expressed in 5 of the 6 tumor specimens (data not
shown).

The BON cells growing in culture express the transcripts (as
determined by Northern blot analysis) for all three TGF0S (01,
(92,and 03) (Fig. IB).

BON Cells Produce TGF0-like Bioactivity. Medium condi
tioned by BON cells treated with HC1 and neutralized with
NaOH (AA-CM) caused a concentration-dependent inhibition
of iodinated TGF01 binding on the indicator 84A cells (Fig.
2A). Thus, TGF0 mRNA was expressed (Fig. \B\ and TGF0-
like activity was secreted into the medium of the BON cells. By
this assay, no TGF0-competing activity was detected in condi
tioned medium that was not acid activated (N-CM) except at
the highest (100%) concentration.

A further test of the TGF0 activity on fibroblasts is the ability
to stimulate anchorage-independent growth of nontransformed
cells in soft agar colony formation assays. TGF01 caused a
dose-dependent increase in soft agar colony formation of 84A
cells (Fig. 2B). Likewise, there was a concentration-dependent
increase in soft agar colony formation with increasing concen
trations of AA-CM. N-CM also stimulated soft agar colony
growth of fibroblasts, but with less potency, as is shown in a
representative experiment (Fig. 2B).

We next used a TGF0-neutralizing IgG antibody (12) to
determine whether TGF0 was responsible for this stimulation
of soft agar growth. In Fig. 2C, the results of three experiments
similar to that shown in Fig. 21! are combined and shown
alongside the results of three experiments that examine the
effects of normal rabbit IgG (100 ng/ml) or anti-TGF0 IgG
(100 Mg/ml), when added to the CM. Again, the CM caused
dose-dependent increases in soft agar colonies over controls.
Normal rabbit IgG did not significantly alter the effect of CM
on the growth of these cells; however, the anti-TGF0 IgG at
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Fig. 1. A, polyadenylated RNA was puri
fied from six different midgul carcinoid tumors
and electrophoretically separated (5 fjg/lane)
and blotted as described. Polyadenylated RNA
from a human colon cancer cell line, SW 480
(l /ig); a human fibrosarcoma cell line, HT
1080 (3 im,)',and dog kidney (5 Â«(>)was run as

control. The blots were probed with either
random primer-labeled TGF/31 cDNA, or
TGF/32 or TGF03 riboprobes. B, transforming
growth factor /3 mRNA expression in BON
cells. BON cell polyadenylated RNA was col
lected, and 2 >ig/lane were electrophoretically
separated on 1.2% agarose formaldehyde gels,
blotted onto nitrocellulose, and probed with
"P-labeled cDNA or complementary RNA

probes for TGF/3 as indicated above each lane.
Pointers, transcript sizes which correspond to
those previously published.

TGF/31 2.5>

TGF/32 5.1 >

4.1 >

TGF/33 3.8>

B

"V

2.5 kb > Jb

100 Mg/ml abolished the stimulatory effect of the CM on the
soft agar colony formation. The ability to inhibit soft agar
growth is a specific TGF/3-neutralizing effect of the antibody
(12).

Effect of BON CM on mRNA Levels for Extracellular Matrix
and TGF/ÃŽ1Transcripts. AKR-2B fibroblasts were treated with
BON CM (at a 3% concentration), either N or AA, or were
treated with TGF/31 (10 ng/ml) for 3, 6, 12, or 24 h (Fig. 3/4).
The same Northern blot was then probed with 32P-labeled
cDNA for TGF/81, fibronectin, type I procollagen, and cyclo-
philin (IBI5). TGF/31 mRNA levels (Fig. 3, A and B) in the
AKR-2B cells were increased by 6-fold by TGF/31 by 6 h after
treatment, whereas BON CM (both AA and N) resulted in a
4.5- to 6.5-fold increase in TGF/31 transcript levels by 24 h
after treatment. Fibronectin mRNA (Fig. 3, A and C) is mod
estly increased by TGF/31 treatment by 12 h, whereas N-CM
causes an increase (2-fold) in fibronectin by 24 h. The level of
mRNA for type I procollagen is not increased, but it is modestly
decreased by either TGF/31 or the CM in the AKR-2B cells
treated for up to 24 h (Fig. 3D). Cyclophilin is used to normalize
RNA loading, since it is not regulated by TGF/3 in AKR-2B
cells (35).

These data indicate that TGF/3 activity can be generated from
N-CM even though radioreceptor assays indicate most of the
TGF/3 present is in a latent form.

Stimulation of Fibroblasts in Monolayer by BON CM. In
monolayer cultures, TGF/31 typically causes a delayed stimu
lation of DNA synthesis in AKR-2B cells which have been
made quiescent by serum deprivation (36), and this stimulation
by TGF/31 is potentiated by the simultaneous presence of insulin

M M

y NMIII

6.5 kb >

4.1 kb >
< 5.1 kb 3.2 kb >

which we have reproduced in the present study (Fig. 4). When
TGF/31 (10 ng/ml) and insulin (500 ng/ml) were added to
gether, there was a very slight stimulation of DNA synthesis in
the first 24 h; however, during the second 24-h period, there
was an approximate 10-fold increase in [3H]thymidine incor

poration into DNA. This delayed effect of DNA synthesis in
response to TGF/3 is typical and has previously been described
(36).

In the same experiment, a 30% concentration of either AA-
CM of N-CM (collected from 175-cm2 flasks), either with or

without insulin (500 ng/ml), was used to stimulate thymidine
incorporation of the quiescent AKR-2B cells (Fig. 4). The 30%
concentration of AA-CM resulted in a 10-fold increase in [3H]

thymidine incorporation during the first 24 h; however, during
the second 24-h period, there was an additional 2.5-fold increase
in thymidine incorporation. The presence of insulin did not
significantly alter thymidine incorporation during the first 24
h, but it did increase thymidine incorporation during the second
24 h compared to AA medium alone. N-CM resulted in a nearly
30-fold increase in thymidine incorporation over controls dur
ing the first 24 h with only a slight increase over this amount
during the second 24 h. The addition of insulin did not augment
the stimulatory effect of N-CM during the first 24 h; however,
it did cause an increase in pHjthymidine incorporation during
the second 24 h over N-CM alone. It should be noted that there
was an approximately 4-fold increase in ['HJthymidine incor
poration during the 24- to 48-h period in the cells treated with
AA-CM plus insulin compared to cells treated with TGF/3 (10
ng/ml) plus insulin. It has previously been established that a
maximal effect of TGF/31 on AKR-2B cells is achieved with
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Fig. 2. TGF/3-like activity in BON CM. Graded concentrations of unlabeled
TGF/31 (â€¢),acid-activated (AA, O), or neutral (N, O) CM were used to compete
with '"I-labeled TGF01 from binding sites on AKR-2B (84A) cells (A) or to
stimulate anchorage-independent growth of the AKR-2B (84A) cells in soft agar
(B). Results of A and B are expressed as the mean (points) Â±SEM (bars) of
triplicate samples from a representative experiment. (. combined results of three
experiments (each with triplicate points) similar to that in I!, and three experi
ments (each with triplicate points) that demonstrate the inhibition of CM
stimulated soft agar growth with ami-TGF/3 antibodies. A 5% final concentration
of BON CM, either acid-activated (AA) or neutral (.V). was incubated with either
normal rabbit IgG (100 ng/ml) {AA,T; N, â€¢¿�)or anti-TGF/3 IgG (100 ng/ml) (AA,
A; N, D).

concentrations at or below 10 ng/ml, and whether administered
alone or in combination with insulin (500 ng/ml), no further
increase in [3H]thymidine incorporation by the AKR-2B cells

occurs with higher doses of TGF/31 (36). Serotonin, over a
broad concentration range (10~" to 10~5 M), had no effect on

soft agar colony formation or monolayer tritiated thymidine
incorporation, in either the presence of absence of exogenously
added TGF/31 (data not shown).

Effect of BON CM on Bovine Pulmonary Artery Endothelial
Cell Growth. As in the observation of Takehara et al. (37), we
found that exogenously added TGF/31 caused a dose-dependent
inhibition of endothelial cell growth (data not shown). AA-CM

caused a concentration-dependent inhibition of endothelial cell
growth (Fig. 5A, solid bars), which was apparent at 2 days of
culture but was overcome by a growth-stimulatory effect of CM

by day 4. In preliminary experiments, it was noted that the
lower concentrations of AA-CM caused a consistent stimulation
of endothelial cell growth; therefore, various concentrations of
neutral CM were exposed to the endothelial cells to determine
whether the presence of activated TGF/3 was masking a growth-
stimulatory factor in the BON CM. Maximum stimulation of
endothelial cell growth was achieved at low concentrations
(<10%) of CM in the presence of 10% FBS (Fig. 5A, cross-
hatched bars). A repeat of the experiment with the N-CM
revealed no inhibitory effect but a very similar growth-stimu
latory effect. The degree of growth stimulation was similar to
that obtained with bovine complete medium supplemented with
bovine pituitary extract (Fig. 5B). Similar stimulation of endo
thelial cell growth was achieved with bFGF (10 ng/ml) in the
presence of 10% FBS (Fig. 5C). Thus, taken together these
data suggest that factors in addition to TGF/3 are present in
BON CM.

Carcinoid Cell Expression of Other Peptide Growth Factors.
Experiments were then conducted to determine the expression
of other peptide growth factors by BON cells. BON cells also
expressed the typical 4.5-kilobase transcript of TGFÂ«(Fig. 6).
Upon probing with the 32P-labeled human c-sis complementary
RNA under high-stringency conditions, the major 4.2-kilobase
transcript of c-sis, as well as larger (5.8 kilobases) and smaller
(3.0 kilobases) transcripts were detected. The nature of these
additional transcripts which hybridize with c-sis is at present
unknown. The BON cells also expressed the four described
transcripts for bFGF (Fig. 6). TGFa competing activity was
not detected in the CM (data not shown). Similar assays have
not been performed to detect PDGF or FGF-like activity in
BON CM.

DISCUSSION

Interactions between epithelial tumor cells and mesenchymal
stromal elements (38) and endothelial cells (39) are important
in promoting the growth of tumors. One of the remarkable
features of carcinoid tumors is that with invasion through the
muscularis and involvement of the serosa and peritoneum, there
is a pronounced fibroblastic proliferative response which can
be associated with extensive fibrosis within the peritoneal cavity
(1). Another interesting pathological characteristic of carcinoid
tumor is the frequent development of endocardia! fibrosis of
the right heart in patients with carcinoid tumors which have
metastasized to the liver.

Many of the previously reported effects of TGF/3 on fibro-
blasts are consistent with many of the observations regarding
the fibroblastic response to carcinoid tumors: (a) TGF/3 is a
potent stimulant of growth in soft agar for a variety of anchor
age-dependent mesenchymal cells including human foreskin
fibroblasts, mouse embryonic fibroblasts (AKR-2B), and nor
mal rat kidney fibroblast cells (6); (b) TGF/31, when injected
s.c. into newborn mice, results in a rapid induction of fibrosis,
angiogenesis, and deposition of new collagen as soon as 48 h
after administration (40); (c) TGF/31 induces increased expres
sion of extracellular matrix proteins and the integrins (matrix
receptors) by fibroblasts and myoblasts (reviewed by Lyons and
Moses, Ref. 10); and (d) TGF/31 inhibits the degradation of
these extracellular matrix proteins through its ability to inhibit
the expression of a number of proteases which can degrade
matrix proteins (10).
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Fig. 3. Induction of TGF01 and fibroncclin mRNA expression by TGF01 or CM. A, AKR-2B cells in McCoy's 5A medium supplemented with 5% FBS were
treated with pure porcine TGF01 (7"; 10 ng/ml) or BON CM, either neutral (A') or acid activated (A), at a 3% final concentration for the time intervals indicated.

Lane I, nontreated control (C). At the indicated times, total cellular RNA was collected, and polyadenylated RNA was purified by oligodeoxythymidine affinity
chromatography. Northern blot analysis was then performed [2 jig polyadenylated RNA/lane]. The same blot was serially probed with "P-labeled TGF01 (A and B),

fibronectin (A and C), type I procollagen (coll I) (A and D), and cyclophilin (Â¡BIS)cDNAs. The blot was stripped of radioactive probe between hybridizations. The
signals were analyzed by densitometry or normalized for loading by comparing to the IBI 5 signal intensity then expressed relative to control (II In.

Additionally, there are a number of recent in vivo studies that
support a role for TGF/3 in the pathogenesis of fibrosis. In a
hamster model of pulmonary fibrosis induced by endotracheal
instillation of bleomycin, there is an increase in TGF/3 expres
sion and a concomitant increase in DNA synthesis in the lungs
of treated animals that coincide with an increase in the expres
sion of extracellular matrix-related transcripts (41, 42). Yang
and Moses (43) recently observed that active TGF/31 can induce
an angiogenic response in chicken chorioallantoic membrane
that is also associated with an increased density of fibroblasts
and epithelial cells in the area of TGFÃŸldelivery. Antiserum
directed against TGF/31 can decrease the production of extra
cellular matrix and attenuate the histolÃ³gica! manifestations of
experimentally induced glomerulonephritis in the rat kidney
(44).

In the present study, we demonstrate that carcinoid tumor
samples exhibit abundant expression of mRNA for types 1, 2
and 3 TGF/3. Such expression could potentially be from tumor
cells or from stromal cells. However, it was further shown that
the carcinoid cell line (BON), in the absence of fibroblasts,
expresses all three types of TGF/3. Several bioassays were
utilized to detect TGF/Mike bioactivity in the conditioned me
dia from BON cells. The radioreceptor assay has the advantage
of specificity but lacks sensitivity, whereas the soft agar and
monolayer growth assays are more sensitive, but lack specificity.
TGF/3 activity was detected by radioreceptor assay, most of
which was latent and unmasked by the transient acidification
of the medium. This assay detects all three isoforms of TGF/3
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Fig. 4. Restimulation of quiescent monolayers of AKR-2B fibroblasts with
growth factors or CM. Nearly confluent cultures of AKR-2B were made quiescent
by a 48-h serum deprivation in serum-free MCDB 402 medium and then were
refed at time 0, the same medium either alone (CON) or supplemented with
I ( ,l ; (10 ng/ml) and insulin (/, 500 ng/ml). The fibroblasts were also assayed
for responsiveness to transiently acidified (AA) CM or neutral (/V) CM in the
presence or absence of insulin (/, 500 ng/ml). Comparison can be made with the
response to the combination of EGF (Â£,10 ng/ml) and insulin (500 ng/ml) or
bFGF (10 ng/ml). |5H]Thymidine (1 Â¿iCi/ml)was added to the cultures from 0-
24 h (D) or from 24-48 h (ffÃ®)before assaying for trichloroacetic acid-precipitable
counts. Columns, mean of triplicate wells; bars, SEM. Qualitatively similar results
have been observed with BON CM from three subsequent medium collections.
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Fig. 5. BON CM effect on pulmonary artery endothelial cell growth. Bovine
pulmonary artery primary cultures were plated on day 0 with either their basal
medium 199 + 10% FBS or various concentrations of CM collected from roller
bottles (A and B) or bFGF (B) as indicated in combination with the basal medium.
Alternatively, the endothelial cells were also fed with bovine complete medium
where indicated (H).in.l. cells were plated 4000/well and fed either basal medium
(D) or basal medium with acid-treated (â€¢)CM or untreated (lÃ¬)CM and counted
after 2 or 4 days of growth. B, day 6 cell counts. Cells were plated 7230/well on
day 0 with either basal medium (199/10% FBS) or basal medium with varying
concentrations of BON CM, or with bovine complete medium (which contains
FGF-like activity derived from bovine pituitary extract). C, day 4 cell count. Cells
were plated on day 0 at 12,000/well in basal medium with varying concentrations
of bFGF.

(45). A further demonstration of the TGF0 activity in the BON
CM was the ability of the CM to stimulate soft agar growth of
mouse fibroblasts. Interestingly, untreated (neutral) CM also
had the ability to stimulate soft agar growth by the AKR-2B

cells. This stimulation of soft agar growth occurred with as
little as 5% neutral CM whereas, by radioreceptor assay, no
TGF/3-competing activity was observed in neutral CM until it
was used at 100% concentration. An explanation for this ap
parent paradox may be that the binding assays are performed
over the course of a 2-h incubation of the CM with AKR-2B
(clone 84A) cells, whereas in the soft agar assays, the cells are
exposed to the CM for at least 1 week. It is quite possible that
this prolonged exposure of the cells to the latent TGF/3 in the
neutral CM allows activation of the TGF/3 to occur. This
possibility is supported by the observation that the anti-TGF/3

antibody blocked the growth-stimulatory effects of both the
acid-activated and neutral CM in the soft agar assay.

There is a growing body of evidence that the TGF/3 family
has important roles in the promotion of tumor growth. Trans-
fection of a highly immunogenic mouse fibrosarcoma cell line
(1591Re) with an SV40-promoter-driven TGF/31 cDNA results
in overproduction and release of latent TGF/3 activity into the
conditioned medium (14,46). Despite the latency of the soluble
TGF/3 in the cell supernatants, these cells exhibit the phenotypic
characteristics of nontransfected cells that have been treated
with active TGF/3. Overexpression of TGF/31 by the transfected
cells allows them to escape the immune surveillance mechanism
which results in regression of the parental (nontransfected)
tumors in syngeneic animals. Sieweke et al. (47) recently impli
cated TGF/31 in the mediation of wound-related Rous sarcoma
virus tumorigenesis in which wounding leads to nearly 100%
frequency of tumor formation in Rous sarcoma virus-infected
chickens. Wounding results in the local presence of TGF/31
immunoreactivity, and, furthermore, s.c. administration of
TGF/31 can substitute completely for wounding in the induction
of the sarcomas. Metastatic progression of oncogene-trans-
formed mouse fibrosarcoma lines is associated with an increase
in the secretion of activated TGF/31 (48). Furthermore, TGF/31
stimulates rat mammary adenocarcinoma cell invasiveness and
enhances in vivo pulmonary metastasis formation by these cells
(49). These studies suggest that TGF/3 production may be
advantageous for the growth of tumors.

The results from experiments on stimulation of monolayer
growth of AKR-2B mouse fibroblasts and bovine endothelial
cells indicate the presence of growth-stimulatory factors other
than the TGF/3s in BON CM. The high concentration of
serotonin produced by carcinoid tumors has been implicated in
the pathogenesis of fibroblastic responses to the tumors (3, 50).
More recent experimental studies of cultured cells (4) have
demonstrated that serotonin alone has no effect on the stimu
lation of DNA synthesis in quiescent CHL fibroblasts (CCL 39
cell line); however, serotonin was capable of potentiating the
mitogenicity of bFGF as well as the combination of EGF and
insulin but did not potentiate the mitogenic effect of thrombin
on the same cells. Serotonin alone is mitogenic for bovine aortic
smooth muscle cells in culture (51 ), and it potentiates the effects
of PDGF on the smooth muscle cells (52). In the present study,
we were unable to demonstrate any stimulatory effect of sero
tonin either alone or in combination with TGF/3 or bFGF on
AKR-2B fibroblasts. Furthermore, in preliminary studies to
further characterize the endothelial and fibroblast mitogenic
activity, nearly complete fibroblast-stimulating activity and
about 50% of endothelial growth-stimulatory activity are re
tained by ultrafiltration with a centricon (M, 30,000, molecular

4.5 kb > â€¢¿� 4.2 kb > I

7.7kb>|

3.7 kb>

2.2 kb >

1.5kb>i

Fig. 6. Expression of additional growth factors by BON cells. Northern blot
analysis for TGFÂ«,c-sis, or bFGF transcripts in BON cell polyadenylated RNA
(2 ^g/lane).
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weight exclusion membrane; Amicon, Danvers, MA) whereas
the fraction that was not retained by the membrane had no
mitogenic activity on fibroblasts.4 It is unlikely that the presence

of serotonin (M, 174) in BON CM can explain our results since
it would be removed by such filtration. We do not wish to imply
that serotonin has no role in the carcinoid-associated fibrosis

but suggest that other factors may also be important. Thus, it
seems reasonable to expect that other growth factors produced
by carcinoid cells may also contribute to the fibroblastic re
sponse to these tumors.

We currently do not know which specific growth factor
proteins in addition to TGF/3 are present in the BON CM but
have demonstrated, by Northern blot analysis, expression of
several growth factor genes by these cells. The presence of
another soluble growth factor in BON CM is suggested not
only by the effects on fibroblasts but by the potent mitogenic
effect on endothelial cells. The production of endothelial cell
mitogens by tumor cells is important in tumor angiogenesis
and thus in the survival, growth, and spread of the tumor. Such
effects are consistent with the FGF family of molecules (39)
and the more recently described vascular permeability factors
(53). The BON cells do express bFGF transcripts. bFGF is a
potent endothelial cell mitogen; however, it is not known how
bFGF might be released from the cells since it lacks the hydro-
phobic signal sequence that is required for secretory proteins
(19). Other peptides in the FGF family for which we have not
yet assayed have the signal sequence required for secretion (54).
Although the early inhibition of endothelial cell growth by acid-
activated CM is consistent with the actions of TGF/31, the
growth-stimulatory effects are not. Takehara et al. (37) found
that the inhibition of bovine aortic endothelial cell growth by
TGF/31 could be partially reversed by EGF and completely
reversed by FGF. Our studies also demonstrate that the endo
thelial and fibroblast cell mitogen in BON CM is active after
treatment with acid (pH 1.5) (see Figs. 3 and 5A). Acid stability
is not a property of basic FGF, which is inactivated after a 10-
min exposure to a pH of 4.0 (55). Further studies are being
conducted to fully characterize this acid-stable endothelial cell
and fibroblast mitogenic activity produced by BON cells.

In summary, human carcinoid cells in culture express the
mammalian family of TGF/3 genes (TGF/31, TGF/32, TGF/33)
as well as TGFa, c-sis (PDGF B chain), and bFGF. Acid
treatment of BON CM unmasks the latent TGF/3-like activity.
BON CM potently stimulates thymidine incorporation and soft
agar growth of AKR-2B fibroblasts, and the latter effect was
blocked by the addition of TGF/3-neutralizing antibody. Un
treated BON CM in low concentrations also stimulated prolif
eration of endothelial cells, which suggests that an additional
potent growth factor (or factors) is released by carcinoid cells.
These data support the hypothesis that TGF/3 and other locally
produced peptide factors can contribute to the fibrosis and
angiogenesis associated with carcinoid tumors.
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