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SU~IMARY: B-Transforming growth factor(TC~-B) is stored in platelets and secreted 
as a high molecular weight latent form associated with a carrier protein of 
about 440 KD. This carrier protein could be separated from TGF-B in 1 N acetic 
acid and could again mask the activity of TGF-B under neutral conditions. There- 
fore, it was named the masking protein of TGF-8. The masking protein was 
separated from TGF-B by gel filtration on a Sephacryl S-300 column or by anion- 
exchanger FPLC on a Mono Q col~nn in the presence of 6 M urea. Partially puri- 
fied masking protein from rat platelets neutralized the activity of TGF-B dose- 
dependently and was effective at 0.3 zg/ml. This masking protein could also mask 
the activity of human TGF-B, suggesting that it was not species specific. The 
masking protein was a heat- and acid-stable protein, but was inactivated by 
treahnent with dithiothreitol. The Physiological role of the masking protein in 
the mechanisms of wound healing and liver regeneration is discussed. © ~986 Academic 
Press, Inc. 

Many investigators have studied the mechanism of liver regeneration and growth 

control of mature hepatocytes using primary cultures of adult rat hepatocytes, 

since these cells can proliferate in vitro when cultured at low cell density in 

culture medium suppl~nented with proline, insulin and epidermal growth factor 

(EGF) [i-i0]. We have reported partial purification of a potent growth factor for 

adult rat hepatocytes, hepatocyte growth factor(HC~), from the serum of rats 

after partial hepatectc~m1[ll]. Subsequently, we found that rat platelets 

contained a high concentration of HGF [12-14]. Recently we succeeded in purifi- 

cation of HGF to homogeneity from rat platelets and de~.mnstrated that it is a 

new growth factor clearly differing from platelet derived growth faetor(PDGF) [14]. 

] This work was supported by Grants for Cancer Research from the Ministry of 
Education, Science and Culture of Japan. 
Abbreviations:TGF, transforming growth factor;EGF, epidermal growth factor;HGF, 
hepatocyte growth factor;PDGF, platelet derived growth factor;PDGI, platelet 
derived growth inhibitor;PBS, phosphate buffered saline;BSA, bovine serum 
albumin. 
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Moreover, we found that rat platelets contained not only growth factors, but 

also potent growth inhibitors of adult rat hepatocytes. 

Rat platelets contain two types of growth inhibitor, named platelet derived 

growth inhibitor(PDGI)-e and -~[15]. PDGI-B is a heat- and acid-stable factor 

with a melecular weight of 25 KD that is secreted from platelets on their treat- 

ment with thrombin. Recently, we purified PDGI-~ extensively and identified it 

as TGF-8. PDGI-8(TGF-8) is secreted in a latent form in which its activity is 

masked, because secreted form becomes active whenheated in boiling water for 

5 min or treated with 1 N acetic acid. 

In this paper we reported partial purification from rat platelets of the 

masking protein, a carrier protein, of TGF-~ that neutralizes TGF- B activity. 

This masking protein was heat- and acid-stable protein with a molecular weight 

of about 440 I<D. 

MATERIALS AND METHODS 

Materials --- The materials used for isolation and culture of adult rat hepa- 
tocytes were as described[16]. Recombinant human EGF was a gift frc~ Earth 
Chemical Co., Akoh. Insulin, aprotinin and pure thrombin from bovine plasma were 
purchased from Sigma Ch6~mical Co. Sephacryl S-300, Mono-S and -Q columns were 
from the Pharmacia, Uppsala. [Methyl-3H]thlm/dine(52.4 Ci/mmol) was from New 
England Nuclear. Human TGF-~ was obtained from Biomedical Technology Inc. 

Assay of TGF-B activity --- Two independent methods were used to measure 
TGF-8 activity. One was assay of inhibition of DNA synthesis of adult rat hepa- 
tocytes in primary culture by TGF-~. Adult rat hepatocytes were isolated and 
cultured as monolayers as reported before[7, 16]. Insulin(10-7M), EGF (20 ng/ml), 
TGF-B or test samples were added to the cultures 20 h after plating and 15 h 
later [3H]thymidine(2.5 ~Ci/ml, 0.3 ~Ci/mmol) was added with or without aphidi- 
colin(10 ~g/ml). Then 24 h later, DNA synthesis was assayed by measring incorp- 
oration of [3H]thymidine as described before[7, 8]. The other method was assay 
of colony formation of NRK 49F cells in soft agar. NRK 49F cells, obtained from 
the Americal Type Culture Collection, were maintained in Dull~cco's modified 
medium containing 5% fetal calf serum. Colony formation in soft agar was assayed 
in the presence of EGF(2 ng/ntl) as described previously[17]. 

Assay of masking protein activity --- Test samples containing masking protein 
were incubated in 50 Z1 of phosphate buffered saline(PBS) containing 2.5 mg/ml 
bovine serum albuntin(BSA) and 2 ng/ml rat or human TGF-8 (maximum effective dose) 
at room temperature for 5 rain. TGF-~ activity in the resulting mixture was assayed 
by measuring imkLibition of DNA synthesis of hepatocytes or stimulation of colony 
formation of NRK 49F cells. Cg_e unit of activity of masking protein was defined 
as the amount causing 50% recovery of TGF-8 activity to inhibit completely DNA 
synthesis of primary cultured hepatocytes. The specific activity of masking 
protein was expressed as units per mg protein, protein being measured by the 
method of Lowry et al. [18]. 

Preparation of platelet extract --- Adult rat blood was collected in syringes 
containing 0.i volume of 0.15 M NaCl-77 n94 EDTA(pH 7.4). The blood was centri- 
fuged at 200 x g for 15 rain and the resulting supernatant was recentrifuged at 
2,500 x g_ for 15 rain to precipitate platelets. The precipitate was washed twice 
with PBS by centrifugation, yielding a platelet preparation of over 99% purity 
as judged by microscopic examination. The platelets were suspended in PBS and 
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treated with 2 U/ml of thrombin for i0 min at room temperature and then aggre- 
gates of platelets were precipitated by centrifugation at 2,500 x [ for i0 min. 
The resulting supernatant was used as the starting material for purification of 
masking protein for TGF-6. 

Gel filtration on a Sephacryl S-300 column --- Before gel filtration, the 
platelet extract was paSSed through aM0no-S column(l x i0 cm) which had been 
equilibrated with 50 n~M Tris-HCl buffer(pH 8.5) containing 0.15 M NaCl, i0 n~4 
Hepes and 2 mMCaCI 2 . The flow-through fractions were pooled and concentrated 
by ultrafiltration with a PM 10membrane(Amicon). The concentrated materials 
(4.3 ml, 1.77 mg protein) was dialyzed against i00 ml of PBS containing 6 M urea 
overnight to dissociate the masking protein from its complex withTGF-6. The 
dialysate was applied to a Sephacryl S-300 column(2.6 x 85 om) previously equi- 
libratedwithPBS containing 6 M urea and elutedwith the same solution at a 
flow rate of 26 ml/h. For assays of the activities of TGF-$ and its masking 
protein, 500 ~i aliquots of all fractions were supplemented with a solution of 
BSA(2.5 mg/ml), dialyzed against PBS overnight and sterilized by filtration 
through a 0.22 zm filter(Millex-GV, Milipore). 

Anion-exchanger FPLC on a Mono-Q column --- The extract(l,000 ml) of platelets 
from700 rats was concentrated to approximately 200 ml by ultrafiltration on a 
PM i0 m~mbrane. The concentrated samples(147 n~ protein) were equilibrated with 
25 mMTris-HCl buffer(pH 8.5) containing 0.025 M NaCI and 6 M urea by overnight 
dialysis and applied to a Mono-Q column(1 x i0 om) previously equilibrated with 
the same buffer. Elutionwas carried out at a flow rate of 120 ml/hwith three 
successive qradients of NaCI in the same buffer:0 - 0.25 M for I0 min, 0.25 - 
0.55 M for 60 min and 0.55 - 1.0 M for i0 min. Aliquots(100 ZI)of all fractions 
were diluted 5 times with a solution of BSA(2.5 mg/ml) and dialyzed against PBS 
to r~nove urea. Then they were sterilized through Millex-GV and their activities 
of TGF-8 and its masking protein were assayed. 

Treatments O f partiallypurifiedmasking protein--- Samples of 50 Zi(7.4 zg 
prote~n) of partially purified masking protein obtained by Mono-Q FPLC were 
treated with trypsin(10 ~g/ml, at 37°C for 2 h), dithiothreitol(50 mM, at 25°C 
for 2 h), or 1 N acetic acid(at 25°C for 2 h) or heated(in boiling water for 
3 min). Digestion of the masking protein with trypsin was stopped by adding 
phenylmethylsulfonyl fluoride at a final concentration of 1 mM. After these 
treatments the samples were supplemented with BSA(2.5 mg/ml) and dialyzed 
against PBS overnight. 

RESULTS 

We showed previously that PDGI-8(TGF-6) is secreted in a latent form from 

rat platelets on their treatment with thrombin[15]. This latent form of TGF-8 

could be activated by heating in boiling water for 5 min, or treatment with 1 N 

acetic acid or 6 M urea. In this work we attempted to isolate and characterize 

the carrier protein. For this, the materials released from rat platelets by 

treatment with thrombin were treated with 6 M urea and then applied to Sephacryl- 

S-300 column which had been equilibrated with 6 M urea. Fig. 1 shows that TGF-8, 

which inhibits DNA synthesis of hepatocytes, was separated from its carrier 

protein by this gel filtration. TGF-B was eluted in a position corresponding to 

a molecular weight of 25 KD, which corresponds to that of human TGF-B, whereas 

its carrier protein, which was assayed by measuring neutralization of TGF-B 

activity, was eluted in the same position as ferritin(440 KD). We named this 
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Fig. i. Gel filtration of platelet extract on a Sephacryl S-300 col~nn in 
the presence of 6 M urea. As described in MATER/ALS AND METHODS, platelet extr- 
acts were prepared by pass ing  m a t e r i a l s  r e l e a s e d  f r ~ a  p l a t e l e t s  through a i~no -  
S col~n to remove HGF. The concentrated sample in 6 M urea was applied to a 
Sephacryl  S-300 column. A c t i v i t i e s  o f  ~ - 8  and i t s  masking p r o t e i n  were assayed 
as described in MATERIALS AND METHODS. The following markers of molecular weight 
were used: f e r r i t i n  (440 I<D), Ic~(150 KD), BSA(67 I ~ ) ,  chyraotxypsinogen A(25 KD) 
and ENase A(13.7 KD). O, TGF-B;e, masking protein;~, A280 r~n. 
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carrier protein the masking protein of TGF-8, since it masked the activity of 

TGF-8 within a few minutes when incubated with it in neutral conditions(data 

not shown). 

TGF-~ could also be separated from its masking protein by anion-exchanger 

FPLC on a Mono-Q column. Fig. 2 shows the elution pattern of TGF-~ and its mask- 

ing protein. TGF-~ was eluted with 0.25 M NaCI, whereas its masking protein was 

eluted with 0.4 M NaCI. This step of purification of the masking protein was 

very effective, increasing its purity to about 70-fold that of the material 

released from rat platelets. Fig. 3 shows that this purified masking protein 

was effective at 0.3 ~g/ml and was maximally effective at 1.2 ~g/ml. At its 

maximally effective dose, the masking protein can almost completely neutralize 

the inhibition by TGF-~ of DNA synthesis of cultured adult rat hepatocytes 

stimulated by insulin plus EGF. 
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Fig. 2. Anion-exchanger FPLC of platelet extract on a Mono-Q col~nn in the 
presence of 6 M urea. The concentrated sample in 6 M urea was applied to a Mono- 
Q col~nn and eluted with three successive gradients O f NaCI as described in 
MATERIALS AND METHODS. O, TGF-~;O, masking protein;--, A280 nm;---, NaCI conc- 
entration. 
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Previously we showed that pure human TGF-8 strongly inhibited DNA synthesis 

of adult rat hepatocytes in primary culture[17]. Therefore, we next examined 

whether partially purified masking protein from rat platelets could mask the 
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Fig: 3. Dose-dependence of effect of masking protein on TGF-~ activity. 
partially purified masking protein obtained by Mono-Q FPLC was diluted with 
BSA solution(2.5 mg/ml) and sterilized. Then masking protein activity was assayed 
at the indicated concentrations. The dotted line indicates DNA synthesis of 
hepatocytes by insulin and EGF without addition of TGF-B. Values are means for 
duplicate dishes. 
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Table I. Neutralization of activity of human and 
rat TGF-6 by masking protein frc~ rat platelets 

Additions 

DNA synthesis Colony formation 
of hepatocytes of NRK cells 
(dpm/r~ protein (colonies/dish) 
x i0 -~) 

None 0.58 -+ 0.07 0 

Insulin + EGF 5.50 + 0.47 8 ± 14 

Insulin + EGF + 
0.96 + 0.19 557 -+ 84 rat TGF-8 

Insulin + EGF + 
rat TGF-8 + mask- 
ing protein 

5.99 -+ 0.96 0 

Insulin + EGF + 1.05 + 0.13 651 + 150 
h~an TGF-B 

Insulin + EGF + 
human TGF-6 + 
masking protein 

5.99 + 1.13 4 + 7 

Concentrations of ccmpounds:insulin(10-7M), EGF(20 ng/ml), TGF-~ 
(i ng/ml) and masking protein(l pg/ml). Values are means +- SD 
for triplicate dishes. 

activity of human TGF-B. Table I shows that the masking protein from rat plate- 

lets also neutralized the activity of human TGF-B. Therefore, neither TGF-~ nor 

its masking protein shows species-specificity. It is noteworthy that the acti- 

vities of TGF-~ for inhibition of DNA synthesis of hepatocytes and stimulation 

of colony formation of NRK cells in soft agar were neutralized equally by this 

masking protein~ 

Table II shows the effects of various treatments on the activity of masking 

protein purified by Mono-Q FPLC. The masking protein was heat- and acid-stable, 

but its activity was completely lost on its treatment with 50mMdithiothreitol, 

suggesting that disulfide bridges are required for its activity. It was also 

inactivated by digestion with trypsin. 

DISCUSSION 

TGF-B is known to stimulate anchorage-independent growth of NRK 49F fibro- 

blasts and AKR-2B cells in soft agar in the presence of TGF-~ or EGF[19, 20], 

and also to inhibit anchorage-dependent growth of many cell lines in monolayer 

cultures[21, 22]. It also inhibits growth in primary cultures of adult rat hepa- 
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Table II. Effects of various treatments on activity 
of masking protein 

Treatment of masking DNA slmthesis Remaining 
protein of hepatocytes activity 

(dpm/m~ protein (%) 
x i0 -~) 

No addition 

Insulin(Ins) + E6~ 

Ins + EGF + rat TGF-B (TGF) 

Ins + EGF + TGF + masking 
protein (untreated) 

Ins + EGF + TGF + masking 
protein(100°C for 3 rain) 

Ins + EGF + TGF + masking 
protein(l M acetic acid 
at 25°C for 2 h) 

Ins + EGF + TGF + masking 
protein (50 r~M dithiothr- 
eitol for 2 h) 

Ins + EGF + TGF + masking 
protein(10 pg trypsin 
for 2 h at 37°C) 

1.93 + 0.31 

13.26 + 0.41 

1.71 + 0.05 

10.70 + 0.79 

ii.08 -+ 0.64 

i00 

i00 

8.89 +- 0.45 80 

1.74 +- 0.11 0 

1.97 ± 0.71 0 

Concentrations of all hormones used were as described in Table I. 
Values are means ± SD for triplicate dishes. 

tocytes, which retain many liver specific functions in vivo[17, 23]. Previously 

we found that rat platelets contain two types of inhibitor of growth of adult 

rat hepatocytes in primary culture [15] :PDGI-~, which is a heat- and acid-labile 

protein, and PDGI-8, which is a heat- and acid-stable factor with a molecular 

weight of 25 KD. Recently, Brown and Clem~x>ns[24] also reported that human 

platelets contain a heat-labile growth inhibitor of endothelial cells with a 

molecular weight of 35-40 KD. 

We found that PDGI-~ is released from platelets in a latent form, in which 

its activity is masked[15]. More recently, we purified PDGI-B to homogeneity 

and identified it as TGF-B, judging by its amino acid composition and N-terminal 

sequence(to be published). Pircher et al. [25] also reported that TGF-8 is stored 

in human platelets as a latent high molecular weight complex. 

In the present work, we separated a protein, that is bound to TGF-B and masks 

its activity. We then purified this masking protein and found that it was a 

heat- and acid-stable protein with a molecular weight of about 440 KD. Recently 
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we found that this masking protein showed high affinity to concanavalin A and 

was dissociated by addition of ~-methylmannoside, indicating that the masking 

protein is a glycoprotein(to be published). This masking protein could reasso- 

ciate with TGF-8 in neutral conditions and again mask the activity of TGF-B. 

This protein showed dose-dependent masking activity;it was effective at 0.3 ~g/ 

ml and maximally effective at about 1.2 ~g/ml. 

An important problem is why in the process of wound-healing, including liver 

regeneration, cell proliferation stops when the injury is repaired. When liver 

regeneration is complete, TGF-8 may be involved in the mechanism of stopping 

hepatocyte growth, besides due to cell-cell contact that we suggested before 

[8, 26, 27]. However, on activation of platelets, TGF-B is secreted in a latent 

form that is associated with masking protein, together with growth factors such 

as PDGF and HGF. The inactive TGF-B-masking protein complex may be activated in 

wound tissue after cell proliferation is complete and the active TGF-8 released 

from its complex may stop cell growth to prevent tissue overgrowth during wound 

healing. That is, the masking protein may be a regulator of the activity of TGF- 

B:TGF-~ may become active on its release from the masking protein whether by 

limited proteolysis or acidification in the micro-environment in the injury 

tissue. Further purification and characterization of this protein should provide 

information on the mechanism of wound-healing and liver regeneration. 
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