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ABSTRACT

Transforming growth factors ( I (,!â€¢-/is) have been shown to cause both

stimulatory and inhibitory effects on cellular growth in a variety of normal
and neoplastic cells. The nature of the inhibitory effects of TGF-/3 on
proliferation of different cell types is at present unclear. We have used
freshly isolated rat hepatocytes, a normal diploid rat liver epithelial cell
line (NRLM), and a subline (AFB) derived from it which was transformed
in vitro by aflatoxin Bt to study the nature of TGF-0-induced growth
inhibition and its alteration following chemically induced neoplastic trans
formation. TGF-/3 had a vastly different effect on proliferation of normal
rat liver epithelial cells (both freshly isolated and NRLM cells) compared
to aflatoxin Bi-transformed cells. TGF-/3 at 20 pg/ml caused 83% inhi
bition of colony formation of NRLM, whereas the growth of AFB cells
was unaffected by TGF-/J at concentrations as high as 10 ng/ml. A
parallel dose-dependent inhibition of DNA synthesis by '!'(,!â€¢'-/<was

observed in both primary hepatocytes and NRLM cells at concentrations
between 10 pg and 10 ng/ml. No inhibition of DNA synthesis was
observed in AFB cells. Furthermore, TGF-/3 did neither induce anchor
age-independent growth of NRLM cells nor affect the growth of AFB
cells in soft agar. TGF-0-induced inhibition of the NRLM cells was
irreversible in nature, since treated cells were unable to proliferate and
form colonies upon removal of TGF-/J from the medium. Also, NRLM
cells showed, after 4 days in the presence of 20 pg of TGF-0 per ml
morphological changes characterized by cytoplasmic hypertrophy and
the formation of abundant liposomal derivatives, some of which resemble
lipofuscin. The finding that TGF-/? caused a high degree of irreversible
inhibition of NRLM cells emphasizes the need for caution in interpreting
data from inhibition studies, since most assays presently used are de
signed for assessing growth stimulation in vitro and do not adequately
distinguish between the possible cytotoxic and/or cytostatic action of
growth inhibitors.

INTRODUCTION

Characterization of factors that control cellular proliferation
remains a central issue in the continued attempts to understand
both normal and neoplastic growth. Although the present
knowledge in this area is far from complete major progress has
been made in the last several years on the role of polypeptide
growth factors in the control of cell proliferation. The availa
bility of purified factors has made possible the elucidation of
some of the normal regulatory mechanisms as well as providing
insight into alteration in both cellular replication and differen
tiation associated with neoplastic transformation. Although
most studies have dealt with polypeptide growth factors which
are growth stimulatory (for review, see Ref. l), several reports
have appeared that describe purified cell proliferation inhibitors
(2-4).

One major subclass of polypeptide growth factors which has
received considerable attention recently is the family of growth
factors collectively termed TGFs2 (5, 6). TGFs, which promote
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the anchorage-independent growth of anchorage-dependent fi-
broblast cell lines, are subdivided into two categories based on
the capacity to compete with EGF for receptor binding (TGF-
as) (7) and whether EGF (or TGF-as) are needed additionally
to promote growth of nontransformed fibroblasts in soft agar
(TGF-/3S) (8-12). Both types of TGFs have been purified to
homogeneity from a variety of normal and neoplastic cells (10,
13-17). Although much has already been learned about the
structure and biochemistry of TGFs with respect to their action
on nontransformed fibroblasts, very little has been reported on
the effects of these growth factors on nonmalignant epithelial
cells. The need to study the effects of these growth factors on
epithelial cells is underscored by a recent report where it was
shown that, under certain cellular conditions, TGF-0 can act as
a potent inhibitor of cell proliferation in many types of cells,
including both neoplastic and nonneoplastic cells of either
fibroblastic or epithelial morphology (18). Furthermore, TGF-
ÃŸis both structurally and functionally related to an inhibitor of
epithelial cell proliferation isolated from conditioned medium
from African green monkey cells (BSC-1) (19). In the present
study we have utilized freshly isolated hepatocytes, a normal
diploid rat liver epithelial cell line, and a subline derived from
it which was transformed in vitro by aflatoxin BI to study the
nature of TGF-/3-induced growth inhibition and its alteration
following chemically induced neoplastic transformation.

MATERIALS AND METHODS

The cell line of normal liver epithelial cells (NRLM) was established
from a 10-day-old male Fischer (F344) rat by the methods of Herring
et al. (20). For this study the NRLM line was used between the fifth
and 10th passage in vitro. Cells were subcultured weekly and were
maintained as monolayer cultures. The transformed liver cell line (AFB)
was established from the NRLM cells after they had been transformed
in vitro by treatment with AFB,. Transformation was accomplished by
exposure of low-passage NRLM cells with a nontoxic dose (50 ng/ml)
of AFB], continuously for 10 wk, during which time the cell line was
subcultured weekly. The cells were tumorigenic when implanted s.c. in
Fischer rats 10 wk after the end of carcinogen treatment. Both cell lines
were maintained routinely in Ham's F-12 medium supplemented with

10% defined fetal bovine serum (Hyclone Laboratories, Logan, UT).
The cells were grown on plastic culture dishes (Falcon Plastics, Oxnard,
CA) and incubated at 37Â°Cin humidity cabinets with a gas phase of

5% CO2 in air.
Primary hepatocytes were freshly isolated from adult (180 to 220 g)

male F344 rats by the two-step collagenase perfusion technique (21).
The cells were cultured for 72-h in the above medium further supple
mented with transferrin (5 Mg/ml) and dexamethasone (0.02 j<g/ml).
The mitogenic stimulus for the primary hepatocytes used in this study
was EGF (20 ng/ml). Medium changes were at 3 h and 24 h after
plating.

Cellular proliferation was assayed by several methods. The method
used for measuring the effects of TGF-,3 on the extent of DNA synthesis
and growth of normal and malignant rat liver cells was that of Song et
al. (22) and Richards et al. (23). Briefly, single cell suspensions were
seeded in 96-well microtiter plates in a volume of 100 Â¿ilper well.
Twenty h after plating, medium was changed to culture medium con
taining various concentrations of TGF-/ÃŽ,and plates were incubated for
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EFFECTS OF TGF-/3 ON RAT HEPATOCYTES

48 h at 37Â°Cin a humidified atmosphere of 5% CO2/95% air. During
this incubation, cells were labeled with [mefA.y/-3H]thymidine (0.5 mCi/

well) for the last 2 h in the case of established rat liver epithelial cells
and for 24 h with primary hepatocytes. The medium was removed, cells
were washed with serum-free F-12 medium, and 100 M' of serum-free

medium per well with Hoechst 33342 dye (8 Mg/ml) were added. After
incubation for 30 min at 37"C, fluorescence in each well was read in

the MicroFLUOR reader (Dynatech Laboratories, Inc., Alexandria,
VA). Trypsin solution (5% trypsin/0.6% NaCl solution/0.01 M sodium
citrate, pH 7.4, 22 //I/well) was added, and plates were incubated at
37Â°Cuntil cells had detached. Cells were collected on glass fiber filters

and lysed with distilled water, and the radioactivity of the cell chromatin
was determined by scintillation counting.

The biological activity on TGF-/3 was also determined by a quanti-

tative colony-forming assay based on the reversible inhibition of cell

proliferation by partially purified hepatic proliferative inhibitor. This
assay, which has been described in detail elsewhere (24, 25), involved
plating cells at a colonial density (20 cells per cm2) in 60-mm plastic
Petri dishes. After a 1-day attachment period, the cells were treated

with either control medium or control medium plus varying concentra
tions of growth factors and/or growth inhibitors. After 4 days, the
medium was replaced with control medium, and the cells were main
tained for an additional 5 days (recovery period). Cell colonies were
then fixed in methanol and stained with Giemsa. The total number and
size of the stained cell colonies were determined by using an Artek
Model 880 automatic colony counter (Artek Systems, Farmingdale,
NY). The effect of TGF-ÃŸon the anchorage-independent growth of the

liver epithelial cells was assessed by standard soft agar techniques.

Fig. 1. Photomicrographs of rat liver epi
thelial cells. A, phase-contrast photomicro
graph of NRLM cells, x 280. B, phase-contrast
photomicrograph of AFB cells, x 280. C pho
tomicrograph of a section of a tumor resulting
from the s.c. injection of AFB cells. H & E, x
150.
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EFFECTS OF TGF-/3 ON RAT HEPATOCYTES

Fig. 2. Effect of TGF-ff (20 pg/ml) on mor
phology of NRLM cells after 4 days in culture.
A, control NRLM cells. Giemsa stain, X 300.
B, TGF-/3-treated NRLM cells. Giemsa stain,
x 300. C, transmission electron microscopic
image of control NRLM monolayers. x 1000.
/>. transmission electron microscopic image of
TGF-fi-treated NRLM monolayers. x 1000.

i . -

Briefly, various concentrations of TGF-ÃŸin F-12 culture medium
containing 10% fetal bovine serum, 0.3% agar, and 2 x IO4cells were
added to 35-mm culture plates on top of a base layer of 0.5% agar in
culture medium. Some plates received EGF at a final concentration of
2 ng/ml. The plates were incubated at 37Â°Cin a humidified atmosphere

containing 95% air and 5% CO2. After 14 days the colonies were
photographed at low-power magnification.

Electron Microscopy. Control cells and cell treated with TGF-ÃŸfor
4 days were first washed 2 times with warm saline and subsequently
fixed in situ with 2% glutaraldehyde in 0.1 M cacodylate buffer with 0.1
M sucrose (osmolarity, 500 mOsmol, pH 7.2) for l h at room temper
ature. Cells were then post-fixed with 1% OsO4 in 0.1 M cacodylate
buffer with 0.1 M sucrose for 45 min at 4Â°C.This was followed by

dehydration in a graded series of alcohols and embedding in situ by
inverting EPON-filled BEEM capsules over the monolayers. Polymer
ized blocks were removed from the culture dishes with pliers.

Tissue from transplanted tumors was minced into pieces and fixed
by immersion with 2% glutaraldehyde in 0.1 M cacodylate buffer with
0.175 M sucrose (550 mOsmol, pH 7.2) for 2 h at room temperature.
Subsequent processing was identical to that for monolayer cells, except
that pieces of tissue were polymerized in BEEM capsules. Sections of
SO inn thickness were stained with uranyl acetate and lead citrate and
examined in a JEOL 100 CX electron microscope.

Morphometric Analysis. Semiconfluent monolayers received either
medium alone (control) or medium plus TGF-0 (20 pg/ml) and were
cultured for 4 days. Cells were then fixed in methanol and stained with
Giemsa. Stained culture dishes were examined at x25 with a Zeiss light
microscope interfaced with a Zeiss Videoplan 2 image analysis system.
After calibration with a stage micrometer, nuclear and cytoplasmic area
measurements were taken. A total of 100 cells from each group was
analyzed. A standard / test was performed on the data.

RESULTS

The NRLM cell line contained cells with a uniform epithelial
morphology as seen by phase contrast (Fig. IA) and by electron
microscopy (Fig. 2C). The cells had a low saturation density,
and their proliferation was highly anchorage dependent (Fig.
3/1). The NRLM cells contained a diploid number of chromo
somes throughout the study and were not tumorigenic when
transplanted into F344 rats.

The AFB,-transformed NRLM cells (AFB cells) show con
siderable morphological similarities to the parent cells (Fig.
IB). However, these cells differ greatly with respect to many of
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EFFECTS OF TGF-,9 ON RAT HEPATOCYTES

Fig. 3. Growth of rat liver epithelial cells
after 14 days in soft agar. A, NRLM cells; B,
AFB cells in the presence of 20 pg of TGF-01
per ml: C. AFB cells in the presence of 20 pg
of TGF-f* per ml plus 2 ng of EGF per ml; D,
AFB cells in 2 ng of EGF alone per ml. x 100.

B

the parameters associated with neoplastic cells. These included
ability to proliferate under anchorage-independent conditions

(Fig. 3Ã„),reach high saturation densities (Fig. I/?), and to form
tumors on injection into syngeneic rats (Fig. 1C). The resulting
tumors when examined by electron microscopy revealed areas
of hepatocytes forming bile canaliculi lined by microvilli char
acteristic of hepatocellular carcinomas (Fig. 4).

Effect of TGF-/9 on the Proliferation of Normal and Malignant
Liver Cells in Vitro. The effect of TGF-/3 on the proliferation
of normal and malignant rat liver cells was first examined by a
96-well microtiter plate assay. In this assay method, the extent
of DNA synthesis (the incorporation of [3H]thymidine) was
normalized by the cell number by dividing the 3H cpm value

with the DNA fluorescence unit. As shown in Fig. 5, DNA
synthetic activities in both primary hepatocytes and NRLM
cells were inhibited in a dose-dependent fashion by TGF-/3 in

the final concentration range between 10 pg/ml and 10 ng/ml.
The inhibitory effects on both NRLM cells and primary hepa

tocytes were parallel throughout the dose range tested. TGF-/3
did not show any inhibitory action on rat liver epithelial cells
transformed with AFB,.

The inhibition of proliferation seen in the microtiter assay
was further examined by a colony-forming assay. The NRLM
cells were found to be extremely sensitive to inhibition by TGF-
ÃŸ.This inhibition was reflected both in the number and size of
the cell colonies present after the TGF-/3 treatment. Fig. 6,
left, shows that 20 pg of TGF-/3 per ml resulted in more than

83% inhibition of colony formation by the NRLM cells. Higher
concentrations of TGF-ÃŸessentially abolished the colony for
mation of these cells. In sharp contrast to these results, TGF-/3
had no significant inhibitory effect on the growth of the AFB|
cells (Fig. 6, right). This difference in sensitivity of NRLM and
AFB, cells to TGF-0 was further substantiated by light and
electron microscopic observations. The NRLM cells show, after
4 days in the presence of 20 pg of TGF-/3 per ml, morphological
changes characterized by cytoplasmic hypertrophy (Fig. 25;
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EFFECTS OF TGF-ÃŸON RAT HEPATOCYTES

cytoplasmic areas were considerably more variable in the TGF-
/3-treated cells. This is reflected in the high standard deviation
of the cytoplasmic area measurements (Table 1). None of these
changes was observed in AFB cells following the same treat
ment with TGF-ÃŸ.

Effect of TGF-ÃŸon Growth of NRLM and AFB Cells in Soft
Agar. The NRLM cells did not form colonies in soft agar under
any of the conditions tested (Fig. 3/4). The AFB cells which
formed colonies in soft agar (Fig. 3Ã„)without added growth
factors (other than fetal bovine serum) were not affected by
TGF-ÃŸ. A dramatic increase in the anchorage-independent
growth of AFB cells was seen, however, when EGF (2 ng/ml)
was added either alone (Fig. 3C) or in the presence of TGF-ÃŸ
(20 pg/ml) (Fig. 3D).

DISCUSSION

TGF-ÃŸs have been shown to cause both stimulatory and
inhibitory effects on cellular growth in a variety of normal and
neoplastic cells (18). It has also been shown that the epithelial
cell growth inhibitor, isolated from conditioned medium of
African green monkey kidney cells, is either identical to TGF-
ÃŸor belongs to the same family of peptides (19). Furthermore,
TGF-/3 can exhibit bifunctional response (i.e., both stimulation
and inhibition) in a single cell type (myc-1 rat fibroblasts) (18).
In this paper we present evidence that TGF-ÃŸhas a vastly
different effect on the proliferation of normal rat liver epithelial
cells (both freshly isolated and NRLM cells) and on the in vitro
AFB i-transformed cells derived from the NRLM cells (Figs. 5
and 6). Concentration of TGF-0 as low as 20 pg/ml caused an
83% inhibition of colony formation of NRLM cells, whereas
the growth of AFB cells is unaffected by concentrations of
TGF-ÃŸas high as 10 ng/ml (Fig. 5). Furthermore, TGF-ÃŸdoes
neither induce anchorage-independent growth of NRLM cells
nor affect growth of AFB cells in soft agar (Fig. 3). The finding
that EGF alone caused a dramatic increase in the anchorage-
independent growth of the AFB cells is noteworthy. This may
represent a new transformation-linked phenotype. How and
when this phenotype is expressed during chemical transforma
tion in vitro is currently under investigation.

The nature of the inhibitory effects of TGF-/3 on proliferation
of different cell types is at present unclear. Roberts et al. (18)
showed that TGF-ÃŸcaused a dose-dependent increase in the
apparent doubling time (as determined by cell counts) of neo
plastic A-549 cells without affecting viability. No data were
presented to show if this effect was reversible or if all the cells
in the population were equally inhibited. From our data it is
clear that the high degree of inhibition of the NRLM cells
caused by TGF-ÃŸunder these conditions was irreversible in
nature; i.e., treated cells were unable to proliferate and form
colonies upon removal of TGF-0 from the medium. Since the
primary hepatocytes had only limited proliferative capability
the nature of the parallel inhibition that was observed with
TGF-ÃŸin the microtiter assay could not be accurately deter
mined. The finding that TGF-ÃŸcaused a high degree of irre
versible inhibition to the normal epithelial liver cells emphasizes
the need for caution in interpreting data from inhibition studies,
since most assays presently used are designed for assessing
growth stimulation in vitro and do not adequately distinguish
between the possible cytotoxic and/or cytostatic action of
growth inhibitors. Although the exact mechanism(s) of inhibi
tion caused by TGF-ÃŸon the nontransformed liver cells remains
unknown, observations at the ultrastructural level revealed that
TGF-ÃŸ caused an increase in lysosomal derivatives in the

NRLM cells. This phenomenon often represents an adaptive
response of the cytoplasm to an altered functional state (26).
Moreover, the enlargement of cytoplasmic area without a par
allel enlargement of the nuclei is an indicator of disturbances
of cellular control mechanisms similar to what has been re
ported for neoplastic epithelial cells (27). However, inhibition
of NRLM cell proliferation by either maintaining the cells
contact inhibited or by serum starvation (data not shown) did
not result in the cytoplasmic alterations similar to those seen
after TGF-ÃŸtreatment or decreased colony formation. Whether
or not the ultrastructural changes are associated with a cyto
toxic response to TGF-ÃŸremains to be determined.

The lack of inhibitory activity TGF-ÃŸto the NRLM cells
following chemical transformation is similar to the loss of
responsiveness of transformed rat liver epithelial cells to HPI
(4). HPI is a Mt 26,000 protein that has been shown to inhibit
the proliferation of nonmalignant rat liver epithelial cells but
does not inhibit the division of malignant liver cells, whether
they are induced in vivo or in vitro (4, 24, 25, 28).

The inhibition of proliferation exerted by HPI is reversible
in that, upon its removal, the nonmalignant liver cells begin
division. This is in contrast to the mechanism(s) of inhibition
exerted by TGF-ÃŸon these cells, because treatment under the
same experimental conditions appears to abolish their prolif
erative capability and leads to irreversible morphological
changes. Treatment of normal human bronchial epithelial cells
with TGF-ÃŸresults in squamous differentiation characterized
by an increase in cell surface area, formation of cross-linked
envelopes, and cessation of cell division (29), while malignant
human lung carcinoma cells or bronchial epithelial cells trans
formed by v-Harvey ras p21 oncogene show no such response
to either inducer (30). The possibility therefore exists that TGF-
ÃŸis a differentiation-inducing agent for the NRLM cells. In

this context, both the morphological and functional changes
observed in the NRLM cells following TGF-ÃŸtreatment may
reflect changes in the differentiation stage of these cells, perhaps
closer to the fully differentiated adult hepatocyte. Work along
these lines is presently in progress.
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