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ABSTRACT

The influences of purified transforming growth factor ÃŸ(TGF-0) on
proliferation of normal, preneoplastic, and neoplastic rat hepatocytes
were examined in primary monolayer culture with or without prior
stimulation with epidermal growth factor (EGF). Hepatocytes from nor
mal livers or discrete preneoplastic nodules or carcinomas generated in
F344 rats by the Solt-Farber model were isolated and cultured in serum-
free modified Williams' E. medium for up to 72 h. Proliferation was
quantified by labeling index by [3H|thymidine autoradiography. The

majority of normal hepatocytes became labeled in response to EGF (20
ng/ml) between 24 and 72 h. TGF-/3 had a dose-dependent inhibitory
effect which was virtually complete at concentrations above 0.5 ng/ml
added at 0 h together with EGF. Hepatocytes from all nodule and
carcinoma populations were less stimulated by EGF but also strongly
inhibited by TGF-0. Hepatocytes isolated from normal livers 24 h after
partial hepatectomy were similarly inhibited by TGF-/3. The minimal
initial exposure period for TGF-0 to maximally inhibit was 2 h. TGF-0
added at various times between 8 and 48 h after EGF partially inhibited
the labeling index to levels that were constant but substantially greater
than the labeling index at the time TGF-/3 was added. A proportion of
hepatocytes from normal and nodular livers became resistant to the
inhibitory effects of TGF-0 between 48 and 72 h, suggesting that the
inhibitory effect is transient. 'I (,!â€¢-/<added at 0 h also virtually completely

inhibited the labeling of normal and nodular hepatocytes that were not
exposed to EGF. These studies demonstrate that TGF-0 is a potent
negative regulator of proliferation of normal, regenerating, preneoplastic,
and neoplastic hepatocytes. This suggests that persistent proliferation of
neoplastic hepatocytes in vivo cannot be explained by a difference in
response to TGF-0.

INTRODUCTION

Experimental hepatocarcinogenesis in rodents exposed to
chemical carcinogens is a prolonged process during which plu-

noiypically altered preneoplastic nodules emerge from initiated
hepatocytes under the influence of various endogenous or ap
plied promoting stimuli (1-5). An important stage in the path-
ogenesis of hepatocellular carcinomas is the appearance of
nodules of hepatocytes that persistently proliferate at an in
creased rate in the apparent absence of a growth-promoting
stimulus (1,3, 5-8). Some of these PNs3 may be a site in which

carcinomas ultimately develop (3, 9), suggesting that the ac
quired alterations in growth control in PN in some manner
contribute to the complex perturbations in growth that explain
the subsequent aggressive behavior of malignant hepatocellular
carcinomas (3, 8).
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The biological mechanisms underlying the persistent prolif-
erative behavior of preneoplastic PNs are unexplained. PN
hepatocytes respond rapidly to mitogenic signals (8, 10) such
as hepatopoietins or hepatotropins involved in regenerative
liver growth after PH (11-14) and return to a lower but still
abnormally high rate of proliferation when the regenerative
stimulus subsides (8). This suggests that PN hepatocytes rec
ognize some positive growth signals although they have a
greatly reduced responsiveness to EGF (15). The reduction in
proliferative rate in PN populations after hepatic mass is re
stored (8) suggests that the majority of these altered cells still
recognize negative regulatory signals whereas the persistently
proliferating hepatocytes do not.

The positive and negative growth regulatory signals involved
in developmental, regenerative, or surplus (hyperplastic) growth
of hepatocytes are presently not well defined. Normal hepato
cytes proliferate in response to many polypeptide factors in
cluding EGF (11, 12, 16-21), insulin (11, 16, 17, 19), hepato
poietins (11-13), hepatocyte growth factor from platelets (22),
and other hepatocyte-derived substances (23). However, normal
hepatocytes in culture are inhibited by others such as TGF-/3
(20-22), epidermal growth inhibitor (24), and a chalone-like
substance in the liver (25).

TGF-|9 (form 1) is a polypeptide growth factor which has a
molecular weight of approximately 25,000 and is composed of
two identical chains held together by disulfide bonds which
when reduced make the remaining monomers inactive (26). As
a growth factor, TGF-j8 has mitogenic effects on some cell types
including fibroblasts (27-29) and some tumor cells (29-31).
However, it is a growth inhibitor of many epithelial cell types
including hepatocytes (20-22, 32-33), bronchial epithelial cells
(34), and keratinocytes (35-37).

We have attempted to characterize the proliferative biology
of PN and carcinoma rat hepatocytes exposed to EGF4 and

inhibitory factors derived from platelets (38). This approach is
based on the concept that normal postnecrotic regeneration of
hepatocytes occurs in a milieu of substances released from
platelets that accumulate in the vicinity of necrotic liver tissue.
Platelets contain high levels of at least two forms of TGF-0
(24, 26) which might negatively regulate proliferation of hepa
tocytes under some conditions. Accordingly, we hypothesized
that PN and carcinoma hepatocytes might become less sensitive
to inhibitory effects of TGF-0 under the strong promoting
influence of liver necrosis. This study characterizes the action
of platelet-derived TGF-/3 (form 1) on primary cultures of
normal, PN, and carcinoma hepatocytes and indicates that all
of these populations remain highly sensitive to the potent
growth inhibitory effects of TGF-/8.

MATERIALS AND METHODS

Generation of Preneoplastic Nodules. Young male Fischer 344 rats
(150-180 g) from Charles River Laboratories, Kingston, NY, were fed
Purina Rat Chow (5001; Ralston Purina Co., St. Louis, MO) and

* M. A. Hayes, E. Semple, and F. P. Dugan, submitted for publication.

6595

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/24_Part_1/6595/2958662/cr04724p16595.pdf by guest on 19 M

ay 2023



INHIBITION OF RAT HEPATOCYTE PROLIFERATION BY TGF-0

maintained under routine housing conditions. Preneoplastic persistent
nodules were generated by a modified version of the Solt-Farber resist

ant hepatocyte model (39, 40). Rats were given a single i.p. initiating
dose of diethylnitrosamine (200 mg/kg), followed by a selection regi
men of three consecutive daily doses of 2-acetylaminofluorene (20 mg/
kg/day) coupled with PH on the fourth day (40). Rats were maintained
for 2, 8, or 15 mo to obtain PN and carcinoma populations. Normal
control and PH hepatocyte preparations were obtained from untreated
age-matched male Fischer 344 rats (275-325 g).

Isolation of Hepatocytes by Collagenase Perfusion. Rats were anes
thetized with sodium pentobarbital and their livers were perfused via
the portal vein, first with modified Hanks' solution (free of Ã‡a", Mg*+,

and HCOr) containing EGTA (1 HIM)and HEPES (10 HIM)and then
collagenase (0.05%; type I; Sigma Chemical Company, St. Louis, MO)
in HEPES-buffered Williams' E medium at a flow rate of 8 ml/min/

100 g body weight (39). For perfusion of livers 24 h after PH the flow
rate was reduced to 4 ml/min/100 g body weight. Livers from untreated
normal rats and rats 24 h post-PH were dissociated by collagenase
perfusion (7-10 min) and an additional 4-7 min in collagenase solution
to give a cell suspension. PN (2 or 8 mo) and carcinoma (15 mo)
populations were obtained by dissecting them from partially dissociated
livers (after 8-10 min of collagenase perfusion) and then further dis
persing the discrete lesions in collagenase solution for an additional 5-
7 min to obtain a cell suspension (70-85% viable). The remaining
nonnodular surrounding liver was dissociated separately as for normal
control livers. For studies of the kinetics of proliferation requiring a
large number of nodule cells, we totally dissociated livers containing at
least 50% of their volume as persistent nodules (8 mo) and then used
the total liver suspensions as described in the text.

Preparation of Monolayer Cultures. Hepatocyte suspensions in Wil
liams' E medium containing 10% fetal bovine serum (Gioco, Missis

sauga, Ontario) were centrifuged at 40 x g in a bench centrifuge for 4
min to differentially sediment large hepatocytes from smaller non-
parenchymal cells. Pellets (>95% hepatocytes) were suspended in WEC.
Cell suspensions were filtered through fine nylon mesh to remove
clumps and suspended in WEC with 10% serum for attachment tu 35-
mm plastic dishes (Falcon 3001) previously coated with type I collagen
(Vitrogen, 64 Â¿ig/dish;Collagen Corporation, Palo Alto, CA). Each
dish containing 250,000 viable hepatocytes (trypan blue negative) sus
pended in 2 ml of medium was incubated for 3 h at 37Â°Cin air:CO2

(95:5), after which unattached hepatocytes were washed away with
Hanks' solution (containing 10 HIM HEPES). Attached hepatocytes

were then cultured for various periods in serum-free WEC medium
additionally supplemented with L-proline (0.35 HIM),sodium pyruvate
(10 mM), and [/nÂ«A>7-3H)thymidine(5 nCi/dish; approx. 80 Ci/mmol;

New England Nuclear, Boston, MA). EGF (Collaborative Research,
Bedford, MA) was added selectively to various cultures at a concentra
tion of 20 ng/ml. This serum-free culture medium formulation is
designated WEX with or without EGF.

Various concentrations of porcine platelet-derived TGF-/31 (>98%
pure; R&D Systems, Inc., Minneapolis, MN) were added to cultures at
or after the start of incubation. To terminate exposures to TGF-/3 before
the end of the incubation period, the medium was aspirated, the cultures
were washed twice with Hanks' solution (with 10 mM HEPES), and

new WEX medium was added for the duration of the incubation.
Control cultures were similarly treated within each experiment. All
different treatments and times of incubation were examined in tripli
cate. Definitive experiments were repeated at least 3 times.

At the termination of incubation, the medium was removed and
dishes were washed in cold phosphate-buffered saline, fixed in 10%
neutral buffered formalin, rinsed, and dried. Dishes were then coated
with nuclear track emulsion (NTB-2; Kodak, Rochester, NY), exposed
for 4 days at 4'C, developed in D-19 developer (Kodak), fixed, and

stained with Giemsa. Lis of hepatocytes were determined in code-
labeled dishes by counting at least 250-400 hepatocytes per dish from
several randomly selected fields. The numbers of small stellate non
parenchyma! cells (<2%) were excluded from these counts; all LI values
reported herein represent cells with clearly evident morphologic fea
tures of hepatocytes (41).

RESULTS

Effects of Concentration and Duration to TGF-ÃŸExposure in
Normal and PN Hepatocytes. EGF-stimulated normal, PN, and
surrounding hepatocytes had substantially reduced LI at 48 h
when exposed continuously to TGF-ÃŸat concentrations as low
as 0.05 ng/ml (Fig. 1). Hepatocytes from PN (Fig. 2), carcinoma
(Fig. 2), and surroundings (Fig. 1) were consistently less re
sponsive to EGF than normal young rat hepatocytes. Maximal
and virtually complete inhibition of LI of EGF-stimulated
normal, PN, surrounding, and carcinoma hepatocytes occurred
consistently at concentrations of TGF-0 equal to and greater
than 0.5 ng/ml (Figs. 1 and 2).

Initial exposure to TGF-/3 (0.5 ng/ml) for as little as 0.5 h
markedly reduced the subsequent LI of EGF-stimulated normal
and PN hepatocytes at 48 h (Fig. 3). Virtually complete inhi
bition occurred when these populations were initially exposed
to TGF-,8 for more than 2 h (Fig. 3).

Under the conditions we used in these hepatocyte cultures,
we observed a moderate increase in LI of all hepatocytes cul
tured in the absence of EGF. TGF-/3 also inhibited this EGF-
independent increase in LI of normal (Fig. 2), PN (Fig. 4), and
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Fig. 1. Inhibitory effects of various concentrations of I (. I .; on 48-h LI of
EGF-stimulated hepatocytes from normal liver (â€¢),PN (A), and liver surrounding
PN I.I. Results are from one experiment (Â±SD of triplicate cultures) which was
repeated 6 times.
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Fig. 2. Inhibitory effects of various concentrations of TGF-/3 on 48-h LI of
normal (O), PN (D). or CA (A) hepatocytes incubated with EGF (open symbols)
or without EGF (â€¢).Points, means (Â±SD) of triplicate cultures.
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246
Duration of Exposure to TGF-0 (hrs)

Fig. 3. Duration of exposure to TGF-,8 required to inhibit EGF-stimulated
normal (â€¢)and early PN (A) hepatocytes. Triplicate cultures were incubated for
various periods with TGF-0 (0.5 ng/ml) and EGF (20 ng/ml). After removal of
medium, dishes were washed twice with buffered Hanks' solution and incubated
for the remaining time with EGF (20 ng/ml) and |Â»/<7/ir/'I I|ilmmilinr Results

are from one representative experiment (Â±SD of triplicates) which was repeated
S times.
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Fig. 4. Labeling indices (mean of triplicates Â±SD) of normal hepatocytes at
various times after exposure to TGF-/3 (0.5 ng/ml) added at times 0 h (O). 8 h
(A), 24 h (A), and 32 h (D). , cultures with EGF (20 ng/ml) added at 0 h;

, dishes incubated without added EGF. TGF-/3 also inhibited LI in EGF-free
cultures (â€¢).Results are from one representative experiment which was repeated
5 times.

carcinoma (Table 1) hepatocytes. Hepatocytes isolated 24 h
after PH had higher LI than normal hepatocytes in the presence
or absence of EGF but were also partly inhibited in presence of
TGF-0 (Table 1).

The viability of normal, PN, and carcinoma hepatocytes, as
measured by the release of lÃ¡clate dehydrogenase and total
viable hepatocyte counts, was not significantly influenced by
the addition of Idi,; at the concentrations used in these
experiments (data not shown).

Duration of Sensitivity to TGF-0 after Stimulation by EGF.
Normal (Fig. 4) and nodular hepatocytes (Fig. 5) from totally
dissociated livers composed of approximately 50% early PN
had up to 80% LI after exposure to EGF (20 mg/ml) for 72 h.
Normal hepatocytes had not yet begun to label at 16 h after
EGF addition (Fig. 4), whereas some nodule hepatocytes had
already labeled at 16 h (Fig. 5). In the absence of added EGF,
normal hepatocytes labeled up to a maximum of 30% between

Table I Effect ofTGF-ÃŸon LI of hepatocyies from discrete carcinomas and from
hepatocytes obtained from normal rats 24 h after PH

Hepatocyte LI (%)

At48h At72h
Cell

populationCarcinoma

Carcinoma
PH
PHTGF-/3

(ng/ml)Â«00.5

0
0.5-EGF29Â±4C

1Â±1
55Â±1
46Â±4+EGF*44Â±2

2Â±1
86Â±355Â±2-EGF42Â±2

1Â±1
59Â±3+EGF52Â±3

2Â±2
94Â±2
61Â±3

" I (.1 .; added at the beginning of the culture period.
* EGF (20 ng/ml) added at the beginning of the culture period.
' Values are mean % of LI (Â±SDof triplicate cultures) of a representative

experiment repeated 3 times.

80

16 24 32 40 48
Incubation Time (hrs)

Fig. 5. Labeling indices (mean of triplicates Â±SD) of pooled PN hepatocytes
at various times after exposure to TGF-/3 (0.5 ng/ml) added at times 0 h (O), 16
h (V), 24 h (A), and 32 h (D). , cultures with EGF (20 ng/ml) added at 0 h;

, dishes incubated without added EGF. Results are from one representative
experiment which was repeated 5 times.

16 and 72 h (Fig. 4), whereas nodular liver cells (Fig. 5) and
carcinoma hepatocytes (Table 1) were more proliferative in the
absence of EGF, reaching over 50 and 40%, respectively, by 72
h. EGF-stimulated normal and nodular hepatocytes became
progressively less inhibited by TGF-/3 (0.5 mg/ml) added at 0,
8, 16, 24, and 32 h (Figs. 4 and 5). When TGF-/3 was added
before the LI had begun to increase in response to EGF (i.e.,
0-16 h), the inhibitory effect was almost complete until 48 h,
after which the LI increased slightly in both normal (Fig. 4)
and nodular populations (Fig. 5). When normal hepatocytes
were cultured in the presence of TGF-/3 added at 0 h, minimal
labeling occurred within the first 48 h, with or without EGF
stimulation (Fig. 4). Subsequently, some normal hepatocytes
escaped the inhibitory effects of TGF-/3 between 48 and 72 h
during which the LI increased from 2 to 16% with EGF and
from 2 to 10% in the absence of EGF. A small proportion of
normal (Fig. 4) and nodule populations (Fig. 5) also eventually
overcame the inhibitory effects of TGF-/ÃŽadded at later times
both in the presence or absence of EGF.

DISCUSSION

Our findings that TGF-/S is a potent inhibitor of the LI of
EGF-stimulated normal rat hepatocytes in monolayer culture
are in accordance with recent published studies (21, 22, 32, 33).
However, in our system the substantial but lower rate of labeling
occurring in EGF-free cultures was also inhibited by TGF-/3.
This observation that TGF-/3 inhibits EGF independent prolif-
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orai ion of hepatocytes is in accordance with the hypothesis that
TGF-/3 acts distal to and independent of the EGF receptor
signal system (42, 43).

Persistently proliferating PN and carcinoma hepatocytes re
sembled normal hepatocytes in their high sensitivity to the
inhibitory effects of TGF-/8 in the presence or absence of EGF.
This suggests that the mechanism of altered growth regulation
of PN and carcinoma hepatocytes in vivo cannot readily be
explained in terms of a decreased sensitivity to the inhibitory
effects of TGF-/3.

Brief exposures to TGF-0 before hepatocytes began S-phase
DNA synthesis inhibited LI for at least 48 h in the presence or
absence of EGF. However, some hepatocytes from normal and
neoplastic populations eventually escaped this inhibitory effect
and began to label between 48 and 72 h suggesting that inhibi
tion by K il ,)' is reversible in normal and neoplastic hepato

cytes. Conditioned medium from normal hepatocytes can par
tially reverse the inhibitory action of TGF-0 on normal hepa-
tocyte S-phase synthesis (22). Explanations for this transient
inhibitory effect include the possibility that TGF-|8 delays rather
than permanently blocks S-phase DNA synthesis of hepato
cytes.

The evidence that a substantial proportion of hepatocytes
escaped the inhibitory effects of TGF-|9 added at either 24 or
32 h after EGF suggests that TGF-/3 does not inhibit hepato
cytes already committed to proliferate. The subsequent plateau
in LI is consistent with the hypothesis that uncommitted hep
atocytes retain their susceptibility to inhibition by TGF-/3. This
hypothesis was further supported by observations that prolif
erating hepatocytes obtained 24 h after PH were incompletely
inhibited by TGF-/3.

Our comparative studies on the kinetics of inhibition and
recovery of proliferation of normal or nodular hepatocyte pop
ulations exposed to TGF-/8 with or without prior EGF stimu
lation revealed qualitative similarities between normal and
pooled PN populations. The intervals between addition of TGF-
ÃŸand the subsequent plateaus in LI 8 to 16 h later (Figs. 4 and
5) presumably reflect the cell cycle intervals between loss of
sensitivity to TGF-/3 (restriction point) and S phase. The pro
portion of hepatocytes labeling between the time of addition of
TGF-/J and the subsequent plateau reflects the proportion of
hepatocytes beyond the restriction point for sensitivity to TGF-
ÃŸ.An alternative explanation for the observed effects of TGF-
ÃŸis the possibility that TGF-/3 is required to undergo some
change or activation for its effect. However, this seems improb
able since TGF-/3 had an almost maximal inhibitory effect after
being exposed to EGF-stimulated hepatocytes for as little as 1
h before removal, whereas the LI continued to rise for 8 to 16
h after the addition of TGF-/8 to committed populations.

An important aspect of our studies using primary cultures to
evaluate biological inhibitors of tumor cell growth is that the
target populations have not been subjected to selective growth
in culture. Isolation and clonal selection of many tumor cell
lines have usually been achieved in serum-containing medium.
Since TGF-/8 and related platelet inhibitors (24) are present in
serum (34,35), it can be predicted that many /// vitro propagated
epithelial cell lines might be refractory to these inhibitors by
virtue of their derivation in serum. Hepatic epithelial cells with
increasing passage in cultures containing serum become pro
gressively less sensitive to the inhibitory effects of TGF-/8 (44).
Many transformed cell lines including some hepatocellular
tumor lines are inhibited and sometimes stimulated by TGF-0
(21, 31-32), although a number of tumor cell lines of other
derivations are inhibited by TGF-/3 under some conditions (30,

32). Hypotheses concerning the in vivo role of TGF-/3, based
on observations of its influence on cell lines, need to take
account of possible alterations in growth factor control of the
target population studied. For example, the role of TGF-/3 as a
transforming factor in some cell lines in cooperation with EGF-
like factors such as TGF-a (30, 45) evidently does not predict
its inhibitory effects on persistent growth of PN cells or carci
noma hepatocytes in primary culture. However, some aggres
sively growing or metastatic neoplasms might become refrac
tory to TGF-/9 during the very late stages of progression in vivo
in a manner similar to the progressive loss of sensitivity of
hepatic cell lines during passage in culture (44). In our studies
of discrete hepatic PN and locally invasive carcinomas, this
possibility was not evaluated.
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