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Abstract

Human hepatocyte growth factor (hHGF) has recently been
expressed as a recombinant polypeptide from Chinese hamp-
ster ovary cell transfectants. Using a primary rat hepatocyte
bioassay, we have tested the biological activity of recombinant
hHGFand compared it with native hHGF. Dose-response
curves were almost identical, with half-maximal stimulation of
DNAsynthesis at 1-2 ng/ml (equivalent to - 10 pM). S-phase
labeling index was similarly enhanced and numerous mitotic
cells were observed. Recombinant and native hHGFalso stimu-
lated DNAsynthesis and S-phase labeling index in primary
adult human hepatocytes. Human cells were more responsive
than rat hepatocytes, with recombinant hHGF slightly more
potent than native hHGF (half-maximal stimulation 03 and
0.6 ng/ml, respectively). Since HGFlevels rise in patients with
fulminant hepatic failure and in animals after partial hepatec-
tomy or administration of hepatotoxins, situations where liver
regeneration occurs, HGFis suggested to play a key role in
regulation of hepatic growth. The high potency of the factor on
human hepatocytes reinforces its candidacy as a critical mito-
gen in human liver growth. The availability of a recombinant
hHGFopens the way for in vivo experimental studies and to the
possibility of using hHGFas a clinical therapeutic agent, either
alone or in combination with other factors. (J. Clin. Invest.
1991. 87:1853-1857.) Key words: hepatic regeneration * fulmi-
nant hepatic failure * liver disease * human hepatocytes - recom-
binant human hepatocyte growth factor

Introduction

Humanhepatocyte growth factor (hHGF)l is a polypeptide of
mol wt - 85,000-90,000 first identified in the plasma of pa-
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tients with fulminant hepatic failure (FHF) and found to stimu-
late DNAsynthesis in adult rat hepatocytes (1, 2). Wehave
recently cloned the factor and reported the deduced 728 amino
acid sequence which includes a putative amino terminal signal
peptide (3). Nakamura et al. also recently cloned hHGF c-
DNAyielding a sequence that differed by 14 amino acids (4).
hHGFis translated from a full length mRNAof - 6 kb, with a
single protease cleavage site yielding two polypeptide chains of
mol wt - 30,000 and 60,000 linked by probably one disul-
phide bridge (3, 4). Rat HGFhas also recently been cloned and
sequenced (5, 6) and a partial amino acid sequence of the rab-
bit-derived hepatopoeitin A (HPTA) reported (7), indicating
close species homology between these factors.

Wehave shown a direct correlation between circulating lev-
els of hHGFas measured by rat hepatocyte bioassay and the
grade of hepatic encephalopathy in patients with FHF(8). Nota-
bly, the level was reduced to near normal in patients who had
recovered from the disease (8). More recently, using a highly
specific ELISA technique, these findings have been confirmed
indicating a 30-fold rise in circulating hHGFin the FHFgroup
(9). The tissue responsible for synthesis and release ofthis activ-
ity however is not known. Although increases were seen in
other patient groups such as acute hepatitis, the differences
(< 2-fold) were small when compared with the large increase
seen in FHF (9).

In experimental animals, HGFexpression has been found
in a variety of tissues including the liver, but some species dif-
ferences in the pattern of expression are reported (5, 10). Serum
levels of HGF/HPTA rise after partial hepatectomy in the rat
(1 1, 12), although the major sites of synthesis and release dur-
ing liver regeneration have not yet been identified. However,
HGFdoes rise in the damaged liver tissue of rats after adminis-
tration of D-galactosamine or CC14 (6, 13). Thus, raised levels
of HGFappear to be associated with conditions where after
surgical resection or massive acute hepatic damage the require-
ment for hepatic regeneration is likely to be high.

While a wide range of hormones and growth factors have
been implicated in the regulation of liver regeneration in vivo
( 14), the role of HGFhas yet to be fully characterized. In vitro
studies from several laboratories indicate HGFto be a potent
growth promoter of rat hepatocytes and to act through a
unique plasma membrane receptor (2, 15). To further examine
its relevance as a physiological hepatotrophic factor, in this
study, we report the successful expression of recombinant
hHGFand compare its potency with purified native hHGF
using rat hepatocytes. Additionally, we have compared growth
promoting bioactivity of the two HGFpreparations on normal
adult human hepatocytes.
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Methods

Preparation of native hHGF. Native hHGFwas purified from the
plasma of patients with fulminant hepatic failure as previously de-
scribed (1, 2). The purified preparations were dissolved in 0.42 Mso-

dium phosphate buffer (pH 7. 1) containing 0. 15 MNaCl and 0.013%
Triton X- 100 and were kept at -20'C until required. For additions to
cell cultures, native hHGFwas diluted in 0.2% BSA (Armour Pharma-
ceuticals, Eastbourne, Sussex).

Preparation of recombinant hHGF. Plasmid DNApKCRHGF-2
containing two hHGFcDNA inserts (3) in the BamHI cleavage site of
pKCR (16) was transfected with plasmid pSV2 neo DNA(17) into
CHOcells. The HGFexpressing clone was selected after detection of
HGFin the culture supernatants using an ELISA developed with na-

tive hHGFas standard (9). The cloned Chinese hampster ovary (CHO)
cells (BD-24) were cultured in E-RDF medium (18) (Kyokuto Seiyaku,
Tokyo) containing 10% FCS. The supernatant was chromatographed
on a S-Sepharose Fast Flow (Pharmacia Inc., Piscataway, NJ) column
and adsorbed recombinant hHGFprotein eluted with 10 mMsodium
phosphate buffer (pH 7.5) containing 0.7 MNaCl. The hHGFfraction
was analyzed by SDSpolyacrylamide gel electrophoresis. For addition
to cell cultures, recombinant hHGFwas diluted in 1% BSA.

Preparation of adult rat hepatocytes. Hepatocytes were isolated
from 200 g male Wistar rats by the established two-stage collagenase
perfusion technique as described in detail elsewhere (19).

Preparation of adult human hepatocytes. Normal human liver tis-
sue was obtained from segments surgically removed from adult donor
organs before reduced-graft transplant into pediatric recipients. Tissue
had been perfused free of blood with University of Wisconsin preserva-

tion fluid (20) and maintained at 4°C for 12-24 h before cell isolation.
Hepatocytes were isolated by enzyme perfusion originally described

for use with human liver by Strom et al. (21) with several modifica-
tions. Two exposed vessels on the single cut surface of 100-200 g seg-
ments from the right or the left lobe were cannulated with 3 mminter-
nal diameter tubing. Other major vessels were sutured and the tissue
was perfused at 50 ml/min sequentially with 750 ml Ca2+/Mg2+-free
Krebs ringer bicarbonate buffer containing 10 mMHepes (KRB), 1500
ml 0.5 mMEGTA in KRBand 750 ml KRB. Perfusates were allowed
to run to waste. Finally, 200 ml enzyme solution (0.05% collagenase,
0.05% hyaluronidase, 0.1% dispase, 0.005% DNAase containing 5 mM
CaC12) was perfused with recirculation and enzymatic digestion contin-
ued for 30-45 min until the liver was judged to be substantially soft-
ened. The tissue was then minced with scissors in 500 ml KRB, con-

taining CaCl2 and 10% FCS, stirred for 10 min, and the cell suspension
filtered through 60 ,sm nylon mesh. Cells were washed 3x in KRB/
CaCl2/10% FCS by centrifugation at 50 g, and viability and yield as-

sessed by trypan blue exclusion and haemocytometer counting. All
solutions were supplemented with 100 U/ml pencillin and 100 ,g/ml
streptomycin, were pregassed with 95%OJ5%C02, and maintained at
370C throughout.

Culture of hepatocytes. Rat and human hepatocytes were plated on
rat-tail tendon collagen-coated 35 mmtissue culture dishes (22) in 2 ml
of KRB/CaC lI0% FCS ( 1.5 X I05 and 3 X I05 cells/ml, respectively).
After 60 min, attached cells were washed 2 X PBSand were refed with
arginine-free Williams' E medium supplemented with 0.4 mMorni-
thine, 100 nM insulin, 5.5 uM hydrocortisone, 100 U/ml penicillin,
and 100 ,g/ml streptomycin without serum (19). Medium with appro-

priate hormonal and growth factor additions was replenished every 24
h. For determination of DNAsynthesis, [3H]-thymidine (1 ,uCi/ml) was

added for the final 24 h in culture, and incorporation measured directly
in hydrolyzed DNAextracts (19) or by autoradiography (22). Data are

presented as means ± standard deviations of triplicate cultures from
representative hepatocyte cultures. Each experiment was repeated with
hepatocytes from at least three separate preparations. For determina-
tion of S-phase labeling index, a minimum of 100 cells were scored in at
least five randomly chosen fields on each plate. Data represent the
mean of duplicate cultures. The presence of small numbers of nonpar-

enchymal cells was noted in both rat and human cultures correspond-

ing to less than 2% of the total cell number. After autoradiography,
careful screening showed that these cells did not proliferate under the
culture conditions employed.

Results

Expression of recombinant hHGF. Supernatants from CHO
transfectants were chromatographed on S-Sepharose Fast Flow
columns and hHGFactivity was eluted with 10 mMsodium
phosphate buffer (pH 7.5) containing 0.7 MNaCi. The final
preparation showed two bands of mol wt - 86,600 and 80,900
on SDS-PAGEunder nonreducing conditions (Fig. 1). These
molecular weights correspond to native hHGFwhich we re-
ported previously (2) and both showed hHGFactivity. The
apparent heterogeneity of recombinant hHGFmay be due to
differences in glycosylation. Under reducing conditions, the
two bands separated into four of mol wt 62,800 and 58,100
corresponding to the heavy chain and mol wt 34,300 and
31,800 corresponding to the light chain (Fig. 1).

Stimulation of DNAsynthesis in rat hepatocytes by hHGF.
The bioactivity of recombinant hHGFwas tested by its ability
to stimulate [3H]-thymidine incorporation into normal adult
rat hepatocytes and compared directly with a preparation of
native hHGF. As shown in Fig. 2, the dose-response curves for
native and recombinant were almost identical with significant
increases from 0.63 ng/ml and reaching maximal activity at 10
ng/ml. Solvent controls (addition of 0.2% or 1%BSAfor native
and recombinant hHGFgroups, respectively) gave rates of in-
corporation no higher than with basal medium (results not
shown). The S-phase labeling index showed a similar pattern of
incorporation (Fig. 3). Up to 30% of hepatocytes became la-
beled during the 24-h thymidine incubation period in the pres-
ence of the highest dose of recombinant hHGFcompared with

1 2

200k-

116k-
97k-

66k-

45k-

31k-

Figure 1. SDS-PAGEof purified re-
combinant hHGF. The purified re-
combinant hHGF(175 ng per lane)
was subjected to SDS-PAGE(4-20%
gradients) under nonreducing (lane 1)
and reducing (lane 2) conditions and
the gel was silver stained as described
previously (2). Molecular size stan-
dards in daltons (Nippon BioRad
Laboratories, Tokyo) are indicated:
they were myosin (200 kD), beta-ga-
lactosidase (1 16 kD), phosphorylase
(97 kD), bovine serum albumin (66
kD), ovalbumin (45 kD), and car-
bonic anhydrase (31 kD).
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10 hliam's medium supple-
mented with native

0
0 0.625 1.25 2.5 5.0 10.0 hHGF(solid line) or re-

ng/ml combinant hHGF(bro-
ken line) for 72 h. Me-

dium was changed daily and [3H]-thymidine added for the final 24 h.
The concentrations of native and recombinant hHGFwere deter-
mined by ELISA (9). Results are presented as mean ± standard de-
viation of triplicate cultures.

22%of native hHGF. Careful scrutiny ofcultures afterautoradi-
ography revealed the presence of numerous hepatocytes under-
going mitosis (not shown).

Stimulation of DNAsynthesis in human hepatocytes by
hHGF. Results of cell preparations from individual human
liver perfusions are summarized in Table I. Viability of prepara-
tions was consistently 80% or above. Although the yield/g wet
wt tissue was relatively low, the amount of liver tissue perfused
gave total yields in excess of I09 cells.

Fig. 4 shows a typical dose-response curve of native and
recombinant hHGFon human hepatocyte DNAsynthesis. Al-
though the overall rate of basal [3H]-thymidine incorporation
into DNAwas lower than seen in rat cells (Figs. 2 and 4),
reflected also by a lower basal S-phase labeling index (Figs. 3
and 5), the degree of stimulation by HGFwas similar. More-
over, human hepatocytes appeared more sensitive to hHGF
than rat cells with half-maximal stimulatory concentration of
native and recombinant hHGFon human hepatocytes (0.6 ng/
ml and 0.3 ng/ml, respectively) consistently lower than rat cells
(- 2 ng/ml). These observations were confirmed by autoradi-
ography and determination of S-phase labeling index (Fig. 5)
with maximal stimulation (up to 20%) of labeled cells occur-
ring at 1.2 ng/ml recombinant hHGFand at 5 ng/ml native
hHGF.

Discussion

Previous studies have shown that purified native hHGFcan
stimulate DNAsynthesis in primary cultures of rat hepatocytes

40 - Figure 3. Effect of na-

tive and recombinant
30 hHGFon the S-phase

nuclear labeling index
X 20 of primary rat hepato-
XC cytes. Hepatocytes were

maintained in culture
i0 ~~~~~~~~for72 h in serum-free

FE ~~~~~~~Williams' medium sup-
0 0.625 1.25 2.5 5.0 10.0 plemented with native

,,w,,,, hHGF(clear bars) or
recombinant hHGF

(cross-hatched bars). Cells were refed every 24 h, [3H]-thymidine
added for the final day, and plates processed for autoradiography.
Percentage of labeled cells was determined by counting a minimum
of 100 cells in five random fields per dish. Each bar represents the
mean of duplicate cultures.

Table 1. Preparation of Hepatocytes from Adult HumanLiver

HLP Weight Viability Yield

g % cells XJO-6/g

6 105 80 2.74
9 105 93 1.90

10 205 90 5.05
14 120 82 3.91
15 100 90 2.00
16 165 84 2.10

Results from six separate human liver perfusions (HLP) are shown
with yield of cells and viability, as determined by trypan blue dye
exclusion, indicated.

(2, 15) with half-maximal stimulation at 1-2 ng/ml (equivalent
to - 10 pM). The dose responses of hHGFdescribed here are
in close agreement. Wehave also shown that recombinant
hHGFderived from a CHO-cell transfectant displays full bio-
logical activity and is at least as potent as the native form. To
our knowledge this is the first demonstration of a biologically
active recombinant form of the hepatocyte growth factor on
isolated primary hepatocyte cultures.

Our data also indicate that human hepatocytes are more
responsive to both native and recombinant hHGFthan are rat
cells with significant activity in the low picomolar range. Re-
combinant hHGF is capable of elliciting a growth response
below 0.3 ng/ml (equivalent to 3 pM). With the half-maximal
stimulatory concentrations of factors including EGF, TGFa,
and aFGF in the range of 0.1-5 nMon isolated primary hepa-
tocyte cultures (19, 23, 24), on a molar basis hHGFis, there-
fore, the most potent growth factor for isolated hepatocytes yet
described. The presence of numerous mitotic cells also indi-
cates that HGFis capable of acting as a true mitogenic factor.
HGFcan, therefore, be considered as a primary mitogen (25)
since it retains full biological activity in the absence of other
growth factors.

Our recent investigations using normal adult human hepa-
tocyte cultures have indicated that they retain biological respon-
siveness to several of the factors known to be active on rat cells,
including EGF, TGFa, and TGF# (26). However, important
species differences have become apparent. For example AVP,
which in the rat can enhance hepatocyte DNAsynthesis both
in vitro and in vivo (27, 28), fails to stimulate DNAsynthesis in
human hepatocytes, either alone or in the presence of other
growth factors (29). Further studies revealed few if any func-
tional V1 type specific AVP receptors present in human liver
plasma membrane preparations or on freshly isolated hepato-

20

o.0 15

z
0
M 10

5
5-

0
0 0.31 0.62 1.25 2.5 5.0 10.0

ng/ ml

Figure 4. Effect of na-
tive and recombinant
hHGFon DNAsynthe-
sis on primary cultures
of adult human hepato-
cytes. Cultures were
treated as described in
the legend to Fig. 2.
Each point represents
the mean ± standard
deviation of triplicate
cultures.
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cytes (30). Specific VI type receptors are also absent from rab-
bit liver (31). These observations highlight the care required
when extrapolating from animal studies to the human situa-
tion, and emphasize the importance of the work described here
using normal human hepatocytes in establishing the identity of
the factors that may be of physiological relevance in control of
human liver regeneration.

The availability of a bioactive recombinant human hepato-
cyte growth factor has important implications in the study of
liver growth in vivo. Firstly, in vivo infusion studies are now
feasible in order to test its biological activity in the intact, par-
tially hepatectomized or hepatotoxin-treated animal. Sec-
ondly, it provides impetus to the possibility of manipulating
the regenerative process in vivo and, therefore, providing a po-
tential clinical therapeutic application. However, full regenera-
tion of functional liver tissue requires not just expansion of the
hepatocyte population, but growth of the other cell types pres-
ent in the liver and deposition of extracellular matrix compo-
nents, to form correct lobular architecture. Clearly the control
mechanisms are complex and critically regulated and are there-
fore also likely to involve more than one individual factor. The
demonstration in regenerating liver tissue of increased expres-
sion of several other factors capable of modulating cell growth
and differentiation, including TGFa, aFGF, and TGFj3 (23,
24, 32, 33) reinforces this conclusion.

Although HGFexpression in the liver does occur, it is not
confined to this organ and its presence in other tissues both at
the protein and mRNAlevels has been shown (5, 6, 10). The
question, therefore, of whether intra- or extra-hepatic sources
are responsible for the elevated circulating levels of HGFdur-
ing hepatic regeneration (1 1, 12) has not yet been resolved.
Nevertheless the ability of HGFto stimulate hepatocyte growth
in the absence of other growth factors and the potency in vitro
demonstrated here, suggest that it may make an important
contribution to control of the growth process in vivo.
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