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Abstract

The present study was conducted to examine the effect of acti-
vin A on growth of rat hepatocytes. EGF induced a 10-fold
increase in DNAsynthesis as assessed by [3HI thymidine incor-
poration in cultured hepatocytes. When activin A was added
together with EGF, DNAsynthesis induced by EGFwas mark-
edly inhibited. Inhibition was detected at a concentration of
10-10 M, and 5 X 10-' Mactivin A almost completely blocked
EGF-mediated DNAsynthesis. Similarly, activin A completely
blocked DNAsynthesis induced by hepatocyte growth factor/
scatter factor. Activin A was capable of inhibiting EGF-me-
diated DNAsynthesis, even when added 36 h after the addition
of EGF. With the same time interval, TGF-,6 also blocked
EGF-induced DNA synthesis. Although both activin A and
TGF-0 inhibited growth of hepatocytes in a similar manner,
either activin A or TGF-(3 did not compete with each other in
their binding when assessed by competitive binding using an
iodinated ligand. Whenhepatocytes were incubated with EGF,
release of bioactivity of activin A into culture medium was de-
tected after 48 h or later. Activity of activin A was released
from parenchymal cells but not from nonparenchymal cells.
mRNAfor iBA subunit of activin was detected only slightly in
unstimulated hepatocytes, but markedly increased at 48 h after
the addition of EGF. To determine whether endogenously pro-
duced activin A affects DNAsynthesis, we examined the effect
of follistatin, an activin-binding protein that blocks the action
of activin A. An addition of follistatin significantly enhanced
EGF-induced DNA synthesis. Finally, in partial hepatecto-
mized rat, expression of mRNAfor #A subunit in liver was
markedly increased 24 h after the partial hepatectomy. These
results indicate that activin A inhibits initiation of DNAsynthe-
sis in hepatocytes by acting on its own receptor and that activin
A acts as an autocrine inhibitor of DNAsynthesis in rat hepato-
cytes. (J. Clin. Invest. 1993.92:1491-1496.) Key words: paren-
chymal liver cells * transforming growth factor-# * follistatin -

inhibin

Introduction

Activin A is a homodimeric protein with molecular mass of 25
kDa (1). Structure of activin A shares homology with TGF-,3
and activin A is now considered to be a member of TGF-#
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supergene family. In accordance with this notion, activin A
elicits diverse effects in various types of cells. In particular,
activin A modifies growth and differentiation of target cells.
Thus, activin A increases number of gonadotrophs in pituitary
(2) and modulates differentiation of ovarian granulosa cells (3,
4). In addition to the actions on pituitary-gonadal axis, activin
A induces differentiation of erythroid cells (5) and megakaryo-
cytes (6), modifies growth and differentiation of neuronal cells
(7, 8), and acts as an inducer of mesoderm during develop-
ment (9-1 1 ).

Wehave reported that isolated rat hepatocytes produce glu-
cose in response to activin A ( 12), an observation indicating
that parenchymal liver cells are one of target cell systems of
activin A. It is shown that TGF-fl is a potent inhibitor of cell
growth in parenchymal liver cells in primary culture ( 13).
During liver regeneration, mRNAfor TGF-j is expressed in
nonparenchymal cells of the liver ( 14). TGF-# is thus synthe-
sized in nonparenchymal cells and is secreted probably as an
inactive form. Although the mechanism of activation of TGF-
,B in liver is not totally understood, it is postulated that TGF-,B
acts as a paracrine growth inhibitor of hepatocytes. Since acti-
vin A modulates cell growth and differentiation in many cell
systems, and since hepatocytes possess a receptor system for
activin A, it is an interesting possibility that activin A also
modifies growth of hepatocytes. In the present study, we exam-
ined the effect of activin A on DNAsynthesis in cultured rat
hepatocytes. Wereport here that activin A is a potent inhibitor
of initiation of DNAsynthesis in rat parenchymal liver cells.
Furthermore, activin A is synthesized and is released from he-
patocytes when the growth is stimulated by either EGFor hepa-
tocyte growth factor (HGF)' /scatter factor. Hence, activin A
acts as an autocrine negative regulator of DNAsynthesis in
parenchymal liver cells and presumably plays a significant role
in the regulation of hepatocyte growth.

Methods

Materials. Recombinant human activin A was obtained as described
previously ( 15). Recombinant human follistatin was provided by Prof.
M. Muramatsu of Saitama Medical College. Human recombinant
HGF/Scatter Factor (16) was provided by Prof. T. Nakamura of
Osaka University (Osaka, Japan). Human recombinant TGF-fl, was
purchased from King Jozo (Himeji, Japan). Bovine inhibin A was
purified from ovarian follicular fluid as described previously (17).
EGFwas obtained from Collaborative Research (Lexington, MA).
[3H]Thymidine (6.7 Ci/mmol) [32P]UTP, [35S]UTP, and [ 125II-
TGF-3 ( 1,500 Ci/mmol) were purchased from Du Pont NewEngland
Nuclear (Boston, MA). Nucleotide probes for rat inhibin subunits
were provided by Dr. Ling of The Salk Institute (La Jolla, CA).

1. Abbreviation used in this paper: HGF, hepatocyte growth factor.
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Preparation and culture of hepatocytes. Male Wistar rats ( 170-
200g) were used for all experiments. Rat parenchymal liver cells were
prepared by the method of Berry and Friend ( 18). Cells were plated in
a 24-well collagen-coated dish at a density of 5 X 104/well in Williams'
E medium containing 5% fetal bovine serum, 10 nM insulin, 1 nM
dexamethasone, streptomycin, and penicillin unless otherwise men-
tioned. After 3 h, cells were washed and were then incubated in fresh
serum-free medium containing 0.1 nM insulin, 0.1% BSA and either
EGF (1 nM) or HGF/scatter factor (10 ng/ml). Nonparenchymal
liver cells were cultured as described by Shimaoka et al. ( 19). Partial
hepatectomy (70%) as described by Higgins and Anderson (20) was
performed under ether anesthesia.

Measurement of DNAsynthesis. DNAsynthesis was assessed by
measuring [3H ]thymidine incorporation into trichloroacetic acid-pre-
cipitable materials. Hepatocytes were incubated for 72 h and 0.5 MCi/
ml [3H]thymidine was included from 48 to 72 h after the addition of
the mitogen as described by Mead and Fausto (21 ). [ 3H]Thymidine
incorporation was measured at 72 h as described by McNiel et al. (22).
For the measurement of labeling index, bromodeoxyuridine (Amer-
sham Corp., Arlington Heights, IL) was included from 48 to 72 h, and
labeled nuclei were stained with antibromodeoxyuridine antibody ac-
cording to the manufacturer's instructions. In preliminary experi-
ments, we compared labeling indexes measured by bromodeoxyuri-
dine method and by conventional [3H]thymidine method (23), and
the values were essentially identical.

Iodination ofactivin A and determination of binding. Activin A ( 10
Mug) was iodinated with Nat '25I] by the method of Bolton-Hunter (24)
to a specific activity of 50-90 ;Ci/mg. [('25I]Activin A was purified on
a Sephadex G-25 column in 50 mMphosphate buffer (pH 7.4) con-
taining 1% bovine serum albumin. For the binding study, cells were
plated in a 35-mm collagen-coated dish at a density of 2 X 10' cells/
well. After the attachment, monolayer cells were incubated for 30 min
at 37°C with binding buffer containing 50 mMHepes (pH 7.4), 128
mMNaCl, 5 mMKC1, 1.2 mMCaCl2, 5 mMMgSO4, and 0.5% BSA.
Monolayer cells were then cooled down to 4°C and were incubated for
3.5 h at 4°C with binding buffer containing either [ '25I1 TGF-# or [ 125I ]
activin A in the presence or absence of unlabeled agents. At the end of
incubation, cells were washed four times with ice-cold binding buffer
and lysed with 1% Triton X-100.

Measurement of activity of activin A. Bioactivity of activin A was
determined by measuring the ability to induce differentiation of mu-
rine erythroleukemia cells (6). Murine erythroleukemia cells (F5-5
cells) were incubated for 5 d in the presence of known amount of
activin A or serially diluted conditioned medium. Differentiation of
erythroleukemia cells was assessed by staining hemoglobin with diani-
sidine (6). To confirm that the differentiation-inducing activity was
caused by activin, we examined whether or not the erythroid differen-
tiation activity was blocked by follistatin, an activin binding protein
that blocks the action of activin ( 16).

Riboprobe construction. Rat inhibin #,A probe was subcloned into
pGEM7Zf(-) plasmid (Promega Biotec, Madison, WI). The resul-
tant construct was linearized with Pst 1. The transcription with T7
RNApolymerase (Takara, Tokyo, Japan) generated a 384-base ribo-
probe comprised of 43 bases on pGEM7Zf(-) and 341 bases comple-
mentary to the rat inhibin #BA mRNA. Riboprobe synthesized with T7
RNApolymerase was labeled using [32PJUTP (New England Nuclear)
for RNase protection assay and using [35S]UTP (New England Nu-
clear) for in situ hybridization. At the end of transcription, 5 ;g DNase
I (Takara) was added, the mixture was incubated at 37°C, and labeled
riboprobe was recovered by ethanol precipitation. [35S]UTP-labeled
riboprobe was further hydrolyzed in 80 mMNaHCO3, 120 mM
Na2CO3, 10 mMdithiothreitol for 20 min at 60°C, and was then recov-
ered by ethanol precipitation.

Detection of mRNAfor Inhibin O, subunit by ribonuclease protec-
tion assay. Total RNAwas extracted from cultured hepatocytes or liver
after partial hepatectomy by the method of Chomzynski and Sacchi
(25). RNase protection assay was performed using RPA II kit (Am-
bion Inc., Austin, TX) according to the manufacturer's instructions.

Briefly, 10 ,ug of total RNAwas hybridized with 5 X 0I cpm of each
32P-labeled riboprobe for 16 h at 450C, followed by digestion with
RNase A and RNase TI at 370C. The resultant protected hybrids were
isolated by ethanol precipitation and separated on a 5% polyacryl-
amide/8-M urea denaturing gel. Dried gel was exposed to Kodak
XAR-2 film at -80'C for autoradiogram.

In situ hybridization. In situ hybridization was performed in cul-
tured hepatocytes. Briefly, cultured hepatocytes were fixed with 4%
paraformaldehyde in PBS for 5 min. After rinsing with PBS, cells were
dehydrated in ethanol. Hybridization was performed for 16 h at 500C
using 3"S-labeled antisense RNAprobes. Cells were washed 2x SSC
containing 50% formamide at 500C for 30 min, and were treated with
RNase A (25 ,g/ml) for 30 min at 370C. After washing twice with 2X
SSCfor 20 min at 50C and then twice with 0.2X SSC for 20 min at
50'C, the slides were dehydrated in ethanol and coated with Kodak
NTB-2 emulsion. The exposure time was 2 wk at 4VC. To rule out false
positive in situ hybridization, 3S-labeled sense RNAprobe for rat inhi-
bin ftA was examined in the same series of slides under identical condi-
tions.

Analysis of mRNAby reverse Transcription PCR. Double-stranded
cDNA was synthesized from poly-A RNAobtained by using oligo
deoxythymidylate latex (Takara) (26). To avoid contamination of ge-
nomic DNA, samples with or without treatment of Moloney murine
leukemia virus were prepared. One tenth of the resulting cDNAwas
used as a template for PCR. Oligonucleotide primers were designed on
the basis of DNAsequence of rat inhibin subunits (27). The sense and
antisense primers for inhibin a were 5'-TGACT`TCAGCCCAGCTGT-
GG-3' and 5'-TTCACCGGCCCAGGGTTCAG-3',respectively. The
sense and antisense primers for inhibin ,BA were 5'-GAACAGTGCCAG-
GAGAGCGG-3'and5'-AGGTTGGCAAAGGGGCTGTG-3',respec-
tively. For inhibin l., the sense and antisense primers were 5'-GTG-
GTGCCTGTGTTCGTGGA-3'and 5'-TTCACCGGCCCAGGG-
TTCAG-3', respectively. Random hexamer (Pharmacia Fine
Chemicals, Piscataway, NJ) was used to generate cDNAfragment. The
temperature program for the amplification was 30 cycles of I min at
94°C, I min at 60°C, and 1 min at 72°C. The products were separated
on a 2%agarose gel and visualized with eithidium bromide.

Results

Effect of activin A on DNAsynthesis in cultured rat heptocytes.
In the presence of insulin, EGF induced 10-fold increase in
DNAsynthesis as assessed by [3H]thymidine incorporation in
cultured hepatocytes. As demonstrated in Table I, 1 nMactivin
A almost completely blocked DNAsynthesis induced by EGF.
The inhibitory effect was comparable to that of 100 pMTGF-

Table I. Effect of Activin A on DNASynthesis Induced by EGF
and HGF

Addition Nuclear labeling (%) [3HjThymidine incorporation

cpm x l&/well

None 4.3±1.2 0.11±0.02
EGF 47.0±5.4 2.05±0.12

+Activin A (1 nM) 9.4±0.9 0.25±0.09
+TGF-# (0.1 nM) 1.8±0.2 0.12±0.02

HGF/scatter factor 31.0±6.5 1.45±0.10
+Activin A (1 nM) 2.9±0.2 0.10±0.01

Hepatocytes were cultured for 72 h in medium containing 0.1% BSA,
0.1 nM insulin, and agents indicated above. BrdU labeling and
[3H1thymidine incorporation were measured at 72 h as described in
Methods. Values are the mean±SE for three to four determinations
and the representative of four experiments with similar results.
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f. In some cell systems, some, but not all, actions of activin A
are reversed by inhibin. In addition, immunoreactive inhibin
exists in pancreatic islets, and there is a possibility that inhibin
is delivered to hepatocytes via portal vein (unpublished obser-
vation). Therefore, we tested whether inhibin A affected
growth inhibitory effect of activin A in cultured rat hepato-
cytes. Up to 50 nMinhibin A did not affect growth of hepato-
cytes by itself, nor did it affect DNAsynthesis inhibited by 1
nM activin A (data not shown). Fig. 1 depicts dose-response
relationship for the activin action on EGF-induced DNAsyn-
thesis. The growth inhibitory effect of activin A was dose-de-
pendent, being detectable at 0.1 nMand the maximal at 5 nM.
In the presence of high concentrations of activin A, DNAsyn-
thesis was reduced to 5%. Whenhepatocytes were incubated
with HGF/scatter factor, HGF/scatter factor caused a sixfold
stimulation of DNAsynthesis. Activin A also inhibited HGF-
induced DNA synthesis. Fig. 1 also demonstrates dose-re-
sponse relationship for the activin A action on HGF-induced
DNAsynthesis. Comparing with the action on EGF-induced
DNAsynthesis, activin Awas slightly more potent in inhibiting
HGF-induced DNAsynthesis. Thus, inhibitory effect was ob-
served at a concentration of 10-"1 Mand 10-10 Mactivin inhib-
ited DNAsynthesis by 50%. When hepatocytes were incu-
bated with 1 nM EGF, labeling index was increased to
47.0±5.4% (mean±SE, n = 4). In the presence of 1 nMactivin
A, labeling index was reduced to 9.4±0.9% (Table I). Likewise,
10 ng/ml HGF increased nuclear labeling to 31.0±6.5%.
Again, 1 nM activin A reduced HGF-mediated nuclear label-
ing to 2.9±0.2% (Table I). When activin A was added to me-
dium without above mentioned mitogens, activin A did not
cause any change in DNAsynthesis by itself (data not shown).
Follistatin is a protein that binds to activin A in one to one
stoichiometry and neutralizes the effect of activin A (16). 1
nmol follistatin blocked the growth inhibitory effect of 1 nM
activin A in cultured hepatocytes (data not shown).

Time course of inhibitory action ofactivin A on DNAsynthe-
sis by activin A. The maximum rate of DNAsynthesis induced
by EGFwas observed between 48 and 72 h after the addition of
the growth factor. To determine the critical period in which
activin A elicits its inhibitory action in hepatocytes, activin A
was added at various time points after the addition of EGF, and

Figure 1. Dose-response
relationship for the ef-e 100 F/1-t fect of activin A on

o \ \ EGF- and HGF-in-
o \ \ duced DNAsynthesis.0

o- + \Hepatocytes were incu-
C \ \ bated with either 1 nM
I \\ EGF(o) or IO ng/ml
g 50 - HGF/scatter factor (o),
N1% \'0.1 nM insulin and

various concentrations
of activin A for 72 h.
[3H] Thymidine was
added at 48 h and ['H

' __J/ _, __. thymidine incorpora-
o 1612 1611 10.10i 10U tion was measured at 72

[Activin A] (M) h. Values are the
mean±SE for four ex-

periments. [3H ]Thymidine incorporation in response to EGFalone
and HGF/scatter factor alone were 21,436+1,053 cpm and
15,140±1,123 cpm (mean±SE), respectively.

Figure 2. Time required
for activin A and TGF-

_ 100 , f3 to inhibit EGF-in-
duced DNAsynthesis.
Hepatocytes were incu-

50 Af bated with nMEGFcZ /s and 0.1 nM insulin and
either 1 nMactivin A

_____ (o) or 0.1 nMTGF-B1
(.) was added at indi-0 24 48 72 cated time. Cells were

Time of Addition (hra) cultured until 72 h and

[3H]thymidine incor-
poration was measured at 72 h. Values are the mean±SE for three
experiments each done in quadruplicate. [3H]Thymidine incorpora-
tion in the absence of activin A or TGF-,B was 25,642±1,201 cpm
(mean±SE).

the changes in EGF-induced DNAsynthesis were determined.
TGF-# was also tested to compare with the action of activin A.
Activin A was fully effective in inhibiting DNAsynthesis, even
when added 36 h after the addition of EGF (Fig. 2). When
added after 48 h, the inhibitory effect was 50%. The tem-
poral pattern of the action of activin A was quite similar to that
of TGF-fl, and TGF-f3 completely inhibited DNAsynthesis
when added 36 h after the addition of EGF.

Binding properties of activin A and TGF-f3. As mentioned
above, effect of activin A was quite similar to that of TGF-f3. To
rule out a possibility that activin A inhibits DNAsynthesis by
acting on the TGF-,B receptor, we studied the binding of TGF-0
and activin A. Fig. 3 A depicts specific binding of [ 1251I ]TGF-fl.
[1251I]TGF-3 binding was replaced by unlabeled TGF-,B in a
dose-dependent manner. However, activin A did not affect the
binding of [125I]TGF-# at concentrations < 10- M. Fig. 3 B
demonstrates the binding of [1251I] activin A in hepatocytes.
Again, binding of [1251]activin A was effectively inhibited by
unlabeled activin A, however, TGF-,B had no effect on the bind-
ing of [ 1251 ] activin A. Similar results were obtained in hepato-
cytes cultured for 48 h (data not shown).

Production of activin A in hepatocytes. It is known that
activin A acts as an autocrine or a paracrine factor in some cell
systems (27-29). Wethen examined whether activin A was
produced in hepatocytes. Bioactivity of activin A was deter-
mined by measuring the ability to induce differentiation of
erythroleukemia cells (6). Bioactivity of activin A was detected
in conditioned medium of hepatocytes incubated with EGF.
Fig. 4 demonstrates the time course of changes in activin A
activity in conditioned medium of hepatocytes. Bioactivity of
activin was not detected in conditioned medium of EGF-
treated cells within 24 h. However, considerable bioactivity
appeared after 48 h or later, whereas bioactivity was not de-
tected in cells incubated without EGF. Similarly, bioactivity of
activin A was detected in cells stimulated by HGF/scatter fac-
tor (data not shown). Fig. 5 depicts expression of mRNAfor flA
subunit of activin measured by ribonuclease protection assay
in hepatocytes treated with EGF. mRNAfor #3A increased mark-
edly in cells incubated with EGFfor 48 h. It should be men-
tioned that mRNAsfor a and flB subunits of inhibin were not
expressed in hepatocytes when analyzed by reverse transcrip-
tion PCR(data not shown). These results indicate that activin
A is produced in hepatocytes stimulated to proliferate by EGF.
Bioactivity of activin A was not detected in conditioned me-
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Figure 3. Binding of ['251]activin A and ['25I]TGF-P. Hepatocytes
were incubated at 40C for 3.5 h with either ['25IJTGF-P (A) or [1251]
activin A (B) in the presence of various concentrations of unlabeled
ligands. Cells were washed and radioactivity bound was determined.
Values are the mean±SEfor four determinations and representative
of three experiments with similar results.

dium of nonparenchymal cells. To further confirm that activin
A was produced in parenchymal cells, we measured mRNA
expression of #,A subunit by in situ hybridization in cultured
hepatocytes. As shown in Fig. 6, the signal was detected in
cultured parenchymal cells. No signal was detected when the
sense probe was used. Furthermore, flA mRNAwas not ex-
pressed in non-parenchymal cells even when they were cocul-
tured with parenchymal cells (data not shown).

To assess whether endogenously produced activin A actu-
ally modifies growth of hepatocytes, we examined the effect of
an activin-binding protein follistatin, which blocks the action

Figure 4. Release of
bioactivity of activin A

I- from hepatocytes. He-
<C patocytes were cultured

with 0.1 nMinsulin in
16 ~~~~~~~~~~thepresence (in) and

2W 7 0 | absence (0) of I nM
EGFand culture me-

FOha r E r g
dium was changed every

0 - 24 24.4 48 72 24 h. Bioactivity of acti-
TI then vin A in medium was

determined by measur-
ing differentiation-inducing activity in erythroleukemia cells as de-
scribed in Methods. Values are the mean±SE for three experiments
each done in quadruplicate.

PA mRNA-*
(341 bp)

0 24 48 72

Time (hrs)

Figure 5. Expression of
mRNAfor NA-subunit.
Hepatocytes were cul-
tured with I nMEGF
and 0.1 nM insulin for
indicated time. Total
mRNAwas extracted
and mRNAfor IfA sub-
unit was measured by
ribonuclease protection
assay as described in
Methods.

of activin A (16). As demonstrated in Fig. 7, basal [3H]-
thymidine uptake increased slightly as a function of cell den-
sity. EGF increased [3H]thymidine incorporation at any cell
density, but the stimulatory action of EGFwas attenuated at a
high cell density. Follistatin significantly enhanced EGF-me-
diated DNAsynthesis, and the stimulatory action of follistatin
was observed even in hepatocytes cultured in a high cell den-
sity.

Expression ofmRNAfor 1Asubunit in regenerating liver. To
examine whether activin A was expressed in hepatocytes in
vivo, we measured mRNAexpression of 13A subunit in liver
after partial hepatectomy. As depicted in Fig. 8, mRNAfor flA
subunit was expressed slightly in intact liver and disappeared at
12 h. The mRNAexpression was then markedly increased 24 h
after the hepatectomy and was declined thereafter. These re-
sults suggest that activin A is produced in liver after partial
hepatectomy.

Discussion

Results of the present study indicate that activin A inhibits
initiation of DNAsynthesis in rat hepatocytes in primary cul-
ture. The inhibitory effect is detected at subnanomolar range
and, at a concentration of 5 nM, activin A virtually blocks
growth promoting actions of both EGFand HGF/scatter fac-
tor. In this regard, the effect of activin A resembles that of
TGF-fl, even though activin A concentrations to block growth
of hepatocytes are higher. Furthermore, both activin A and
TGF-f3 are fully effective in blocking DNAsynthesis when
added 36 h after the addition of EGF. The results raise a possi-
bility that both factors exert their effects by acting on the same
point of cell cycle, locating in the middle to late G1 phase, by a
commonor similar mechanism. As shown in Fig. 3, both fac-
tors bind to their own receptors without affecting the binding of
each other. Therefore, each factor inhibits growth of hepato-
cytes through their own receptors. Recent cDNA cloning of
receptors for activin A and TGF-,3 indicates that they have
closely related primary structures ( 30, 31 ): both have a single
transmembrane domain and both of their intracellular do-
mains contain predicted serine/threonine kinase activity. It is
possible that both factors inhibit growth of hepatocytes by us-
ing a similar intracellular mechanism. It should be mentioned
that, despite structural homology in their receptors, two factors
also elicit distinct actions. For example, activin A causes glyco-
genolysis in hepatocytes by activating phospholipase C while
TGF-li does not ( 12). Hence, the activin A receptor activates at
least two intracellular pathways, one is similar or commonto
the action of TGF-,3 and the other is unique to activin A.
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Figure 6. In situ hybridization of
#A,-subunit in cultured hepatocytes. Pa-
renchymal cells were cultured with EGF
for 48 h and in situ hybridization of
,6A-subunit was done as described in
Methods.

The present results provide for the first time evidence that
activin A is produced in parenchymal liver cells. Of particular
interest is the fact that activin A is released when growth of
hepatocytes is induced by an addition of EGFor HGF/scatter
factor. In addition, production of activin A becomes detectable
later than 24 h of the addition of EGF. As shown in Fig. 2,
activin A inhibits initiation of DNAsynthesis by acting on a
point located after 36 h of the addition of EGF. Taken together,
activin A is produced at time when it exerts the inhibitory effect
on DNAsynthesis. Therefore, it is likely that activin A acts as a
negative regulator of cell growth in hepatocytes. As shown in
Fig. 7, follistatin, which blocks the action of activin A ( 16),
augments EGF-induced DNAsynthesis. This result supports
the notion that endogenously produced activin A attenuates
EGF-mediated DNAsynthesis in cultured hepatocytes. It is

5000 I
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quite likely that endogenous activin A acts as an autocrine
inhibitor of initiation of DNAsynthesis in hepatocytes, produc-
tion of which is turned on by the stimulator of cell growth.

The role of activin A as an autocrine inhibitor of DNA
synthesis in hepatocytes is intriguing in view of the history of
the research for liver chalones. In the 1950s, hypotheses as to
tissue homeostasis were proposed based on the presence of stim-
ulators or inhibitors of cell growth. If the inhibitor is produced
by the differentiated hepatocytes, partial hepatectomy would
decrease the concentration ofthe inhibitor and cells start prolif-
eration. Subsequently, the cell number is increased and the
concentration of the inhibitor becomes high enough to block
cell growth. According to this "chalone" hypothesis (32), rate
of cell proliferation is under the control of a tissue-specific fac-
tor named chalone, which inhibits cell proliferation. Attempts
were made to identify the putative liver chalone (33-35), but
the nature of chalone remained unknown. Leffert and Wein-
stein (36) suggested very low density lipoprotein to be a candi-
date for the liver chalone. Our present results indicate that
activin A also acts as a liver chalone. Interestingly, mRNAfor
#,A disappears shortly after hepatectomy and is then markedly
increased 24 h after hepatectomy.

PA mRNA-.
(341 bp)

5000/well 100000/well 200000/well

Coll Donafty

IT.a

Figure 7. Effect of follistatin on EGF-induced DNAsynthesis in he-
patocytes. Hepatocytes were cultured in three different cell densities
and were incubated with 1 nMEGFand 0.1 nM insulin in the pres-
ence and absence of I nMfollistatin. [3H]Thymidine was added at
48 h and [3H]thymidine incorporation was measured at 72 h. Values
are the mean±SE for four determinations and the representative of
four experiments with similar results. Statistical analysis was done by
using Student's t test. * P < 0.01 vs EGF. o, None; ., follistatin; o,
EGF, o, EGF+ follistatin.

0 12 24 48 72

Time (hrs)

Figure 8. Time course of expression of mRNAfor #,, subunit in liver
after partial hepatectomy. Male Wistar rats were partially hepatecto-
mized and total RNAwas extracted from liver before and after the
partial hepatectomy. mRNAfor #,B was analyzed by ribonuclease
protection assay as described in Methods.
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During liver regeneration, various stimulators of growth of
hepatocytes are induced. Transforming growth factor-a, which
acts on EGFreceptor to stimulate hepatocyte growth, is pro-
duced in parenchymal liver cells as an autocrine factor (21 ),
while HGF/scatter factor is synthesized in nonparenchymal
liver cells (37). Subsequently, TGF-f3, a potent inhibitor of
hepatocyte growth, is synthesized in nonparenchymal cells
(14). TGF-,3 is produced as an inactive form, and it is postu-
lated that TGF-f3 is taken up into parenchymal cells via the IGF
II/mannose 6-phosphate receptor (38), where TGF-# is acti-
vated by a mechanism involving proteolysis. Our present re-
sults provide another aspect of regulation of growth of hepato-
cytes. Whenhepatocytes are stimulated by growth factors such
as TGF-a and HGF, activin A is synthesized after a certain lag
period in parenchymal liver cells. Activin A may act as an
autocrine growth inhibitor of parenchymal liver cells to termi-
nate growth. Hence, growth of hepatocytes is regulated under a
dual negative control of two members of a TGF-# supergene
family, activin A and TGF-f3. The positive and negative regula-
tions involve autocrine and paracrine mechanisms.
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