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Abstract

Results from nuclear run-off assays show that exposure of hepatocytes and Reuber H35B hepatoma cells to the
tumour promoter, 12-O-tetradecanoylphorbol-13-acetate (TPA), leads to enhanced transcription of c-Ki-ras gene.
This increase in transcription in turn results in an accumulation of the functionally active c-Ki-ras message. The half
life of c-Ki-ras message in both normal and transformed livers cells is not altered by TPA and is determined to be
3.5hr. The induction of c-Ki-ras message is accompanied by an increase in the level of c-Ki-ras protein. (Mol Cell
Biochem 117: 71-79, 1992)
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Introduction

It is well documented that proto-oncogenes are vital in
the control of growth and differentiation [1-5]. Accord-
ingly, immense interests have been directed towards
elucidating the mechanisms regulating their expression.
The ras gene family which consists of H-ras, Ki-ras and
N-ras has been associated with many different types of
human tumors [6]. The ras gene products are found to
be membrane associated [7] and like G proteins, they

are capable of binding to guanine nucleotides and have
been shown to possess GTPase activity [8]. In addition,
they exhibit a high degree of sequence homology with G
proteins [6]. Since several G proteins, such as Gs and
Gi, are crucial elements in a number of signal trans-
duction pathways, it is logical to expect that ras proteins
may function as signal transducer molecules. Indeed, in
the yeast Saccaromyces cerevisiae, the ras related pro-
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teins, RAS 1 and RAS 2, appear to be involved in the
regulation of cAMP levels by coupling to adenylate
cyclase [9]. Frank ef al. (10-13] provided evidence for a
similar role of ras proteins in the regulation of adenylate
cyclase in rat kidney fibroblasts. In addition, several
other studies have implicated the involvement of ras
proteins in the activation of the phosphoinositide
breakdown pathway [14-17]. If indeed ras proteins
were to participate in signal transduction, it is logical to
expect that their expression might be regulated by both
hormones and growth factors. Recently, a number of
growth stimulating agents have been shown to be capa-
ble of altering the expression of several proto-onco-
genes [18-22]. For example, growth factors such as
platelet-derived growth factor, fibroblast growth fac-
tor, epidermal growth factor can induce transiently the
level of the myc message in fibroblasts [18-22]. Further-
more, in both B and T cells, myb expression may be
stimulated during cell cycle progression induced by lym-
phoid mitogens [23].

Previous work in our laboratory has shown that the
inductive effect of glucagon on c-Ki-ras expression is
mediated via activation of protein kinase C [24]. This is
substantiated by the observations that 12-O-tetradeca-
noylphorbol-13-acetate (TPA), a potent activator of
protein kinase C, can induce the level of c-Ki-ras tran-
scripts, whereas, addition of a specific kinase C inhib-
itor, H-7, leads to a suppression of the c-Ki-ras mess-
age. However, it remains to be established whether the
increase in the level of transcript is a consequence of a
stimulation of the transcriptional process or a decrease
in the rate of degradation of the message. The demon-
stration of an increase in the level of a message by
Northern blot analysis does not necessarily imply an
increase of functional ras message. To resolve these
uncertainties, nuclear run-off assays were carried out to
investigate if the stimulation of c-Ki-ras expression by
TPA was a result of an enhancement of transcriptional
rate. Furthermore, the stability of the c-Ki-ras message
was determined in TPA-treated normal hepatocytes
and Reuber H35B hepatoma cells. In addition, the
TPA-induced c-Ki-ras message was tested for its func-
tional activity by an in vitro translation system and the
amount of c-Ki-ras protein in both normal and TPA-
induced cells were examined by Western blotting.

Materials and methods

Cell culture

Reuber H35 hepatoma cells [25] adapted to tissue cul-
ture (line H4 II E) [26] were obtained from Dr. F.J.
Ballard (Commonwealth Scientific & Industrial Re-
search Organization Division of Human Nutrition,
Adelaide, South Australia) and were grown as mono-
layers under sterile condition in minimal essential medi-
um containing 5% fetal calf serum, 100 mg streptomycin
sulphate and 60 mg penicillin per litre solution. Cells
were incubated at 37°C with the gas phase being 5%
CO, in air in a CO,-controlled water-jacketted incuba-
tor.

Isolation of hepatocytes from rat liver

Sprague-Dawley rats weighing about 120 g were used.
Hepatocytes were isolated by perfusion of the liver
according to the method described by Berry and Friend
[27] with 0.05% collagenase (mass/vol.) replacing hya-
luronidase. Cells were cultured as described above.

Isolation of cell nuclei

Approximately 2 X 107 cells were used. Cells were
washed twice with phosphate buffered saline (PBS)
containing 0.14mM NaCl; 3mM KCl; 8mM sodium
monohydrogen phosphate; 1.5 mM potassium dihydro-
gen phosphate, pH7.4. Following centrifugation at
500 X g for Smin, the cell pellet was resuspended in
2ml ice cold NP40 lysis buffer. This buffer contains
10mM Tris-HCl, pH7.4; 10mM NaCl; 3mM MgCl,;
0.5% (vol/vol) NP40. The mixture was incubated on ice
for 5 min before it was centrifuged at 500 X g at 4° C for
5min. The nuclei were washed once with 4ml NP40
lysis buffer and then resuspended in Hepes buffer and
kept at —70°C. This buffer contains 50mM Hepes,
pH7.5; 4mM MnCl,; 1mM MgCl,; 0.1mM EDTA;
50% glycerol and 5 mM dithiothreitol.

Nuclear run-off assay

Freshly isolated nuclei were incubated with 50 uCi of
[*P]-UTP in 200 u! incubation buffer containing 25%
glycerol; 2.5mM MgCl,; 0.05mM EDTA; 75mM
Hepes, pH7.5; 100mM KCl; 4mM dithiothreitol;
0.5mM CTP; 0.5mM GTP; 1.0mM ATP; 22 units/ml
creatine kinase; 8.8 mM creatine phosphate, pH 7.5 for
one hour before the reaction was terminated with the
addition of 8 units of RNase-free DNase. Labelled
RNA was purified and hybridized to a Hybond mem-
brane previously dot blotted with the DNA probe. Hy-



bridization was at 42° C for 48 hr in a buffer containing
50% deionized formamide, 0.5% SDS, 5 X Denhardt’s
solution (100 X Denhardt’s solution contains 2% Fi-
coll, 2% polyvinylpyrrolidine and 2% bovine serum
albumin) and 5 x NaClV/PVEDTA (20 x NaCl/PVED-
TA contains 3.6 M NaCl, 0.1M sodium dihydrogen
phosphate, 0.1M sodium monohydrogen phosphate
and 0.002M EDTA, pH7.7). Afterv:ards, the filter was
washed for 15min twice in 2 X N.-ZIPiYEDTA/0.1%
SDS, once in 1 x NaCI/PYEDTA/0.1% SDS and twice
in 0.2 x NaCl/PYEDTA/0.1% SDS at 42°C. The filter
was exposed to Kodak XAR film at —70°C.

Preparation of c-Ki-ras probe

pHiHi-3 which contained the v-Ki-ras probe was ob-
tained originally from Dr Ronald W. Ellis [28]. The
plasmid DNA was prepared as described by Maniatis et
al. [29].

Determination of the half-life of c-Ki-ras mRNA

Cells in 100 mm dish were labelled with 48 uCi [*HJ-
uridine for 3.0 hr which allowed maximum incorpora-
tion into RNA. After thorough washing with MEM
containing 10 mM cold uridine, the labelled cells were
incubated either in the absence or presence of 1.6 X
10-°M 12-O-tetradecanoylphorbol-13-acetate (TPA)
in MEM containing 10 mM cold uridine. At different
time intervals, the cells were washed in MEM contain-
ing 10 mM uridine. They were then lysed with the addi-
tion of 4 ml guanidinium thiocyanate buffer; this buffer
contains 4 M guanidine thiocyanate, 25 mM sodium ci-
trate, 0.5% (mass/vol.) sodium lauroylsarcosine, 0.1 M
2-mercaptoethanol, pH7.0. The RNA was prepared by
the method Chirgwin et al. [30] with minor modifica-
tions as described by Chan et al. [24].

Hybridization of [*H]-RNA to filter. The [°’H]-RNA
was dissolved in 0.2 ml hybridization buffer. Filters con-
taining the bound DNA were hybridized with the la-
belled RNA at 42°C for 24 hr. The filters were then
washed twice in 2 X NaCl/Pi/EDTA, 0.1% (mass/vol)
SDS, once in 1 x NaCl/P/EDTA, 0.1% (mass/vol) SDS
and finally twice in 0.2 X NaCl/PVEDTA, containing
10 ug/ml ribonuclease A. The filters were air-dried and
were then boiled in 0.2ml of diethylpyrocarbonate-
treated water for 5 min. 0.2 ml of the eluted RNA solu-
tion was mixed with 1ml Aquasol II and the mixture
was allowed to stand overnight before the radioactivity
was determined in a Beckmann Scintillation Counter.
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Isolation of poly(A) RNA

Total cellular RNAs were prepared from cell extracts
by the guanidium thiocyanate method [30] with slight
modifications as described [24]. Poly(A) RNA was iso-
lated by using Hybond-mAP affinity paper (Amersham
Co. Ltd).

In vitro translation of c-Ki-ras message

mRNA was translated in the presence of [*H]-leucine
using an in vitro translation system supplied by New
England Nuclear Company. The translated c-Ki-ras
protein was immunoprecipitated with a specific mono-
clonal antibody raised against c-Ki-ras (supplied by On-
cogene Science Inc.). After thorough washing, the im-
munoprecipitate was solubilized and separated by SDS
polyacrylamide gel electrophoresis. The rod gel was cut
into equal slices and solubilized for determination of
associated radioactivity by liquid scintillation counting.

Preparation of cell extract for detection of c-Ki-ras
protein

Approximately 1x 107 cells were harvested and
washed once in ice cold phosphate buffered saline.
Cells were lysed in 1ml lysis buffer containing 10 mM
Tris-HCl; 50 mM NaCl; 1% Triton X-100; 5mM ED-
TA; 1 mM phenylmethylsulfonyl flouride; 1 mM iodoa-
cetic acid, pH 7.6. The cell debris was removed by cen-
trifugation at 11,000 X g, 4° C for 30 min and the super-
natant was saved for Western blot analysis.

Western blot analysis of c-Ki-ras protein

The c-Ki-ras protein present in the cell extract was
immunoprecipitated by addition of a specific mono-
clonal antibody raised against c-Ki-ras. 1ug of the
monoclonal antibody was added to 500 ul of cell ex-
tract. This was followed by the addition of 15ul of
protein A sepharose. The mixture was incubated over-
night at 4°C with gentle shaking. The immunoprecip-
itate was spun down at 12,000 X g and was then washed
five times with ice-cold phosphate-buffered saline. The
precipitate was analysed by a 7.5%-17.5% gradient
SDS-PAGE. After electrophoresis, the protein was
then electroblotted onto a Hybond-ECL membrane in
an electroblotting buffer at 20mA current overnight.
Non-specific binding sites on the protein blot were
blocked by immersing the membrane in 5% (mass/vol)
non-fat skimmed milk in Tris-buffered saline-Tween 20
for one hour at room temperature on a roller incubator.
This buffer contained the Tris-buffered saline with
0.1% (vol/vol) Tween 20. A monoclonal antibody
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Fig. 1. Effect of 12-O-tetradecanoylphorbol-13-acetate (TPA) on the
transcription of Ki-ras gene in normal rat hepatocytes.

Panel A: The figure showed a typical autoradiogram obtained from
a nuclear run-off experiment. Cultured hepatocytes were incubated
with 1.6 X 10*M TPA and were harvested at 0, 1/4,1/2,1,2and 4h
(columns 1 to 6). Nuclei were isolated and incubated with 50 uCi
[PPJUTP for 1h at 25°C. Labelled RNA was isolated and hybridized
to a filter previously dot-blotted with pBR322 and Ki-ras DNA probe.
After stringent washing, the filter was exposed to an X-ray film for
autoradiography. Panel B: The diagram shows a densitometric scan
of the autoradiograms obtained. The change in transcription rate of
c-Ki-ras was plotted as a per cent of the zero time control versus time
of incubation with TPA. Error bars represent the standard error of at
least four separate determinations.

raised against c-Ki-ras diluted in 5% (mass/vol) non-fat
skimmed milk in Tris-buffered saline-Tween 20 was
added. After an overnight incubation at 4°C, a second
antibody coupled with horseradish peroxidase suitably
diluted in 5% (mass/vol) non-fat skimmed milk in Tris-
buffered saline-Tween 20 was added. The incubation
was for 1h at room temperature before the membrane
was washed once for 15min and four times for 5 min
with tris-buffered saline.

An enhanced chemiluminescence system supplied by
Amersham International Co. was used for the detection
of the c-Ki-ras protein. The membrane was drained off
of excess buffer and placed in a fresh container and the
detection reagents which contain luminol and an en-
hancer were added. Incubation was carried out for pre-
cisely 1min at room temperature. The blot with the
protein side up was put in a film cassette and was
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Fig. 2. Effect of 12-O-tetradecanoylphorbol-13-acetate (TPA) on the
transcription of c-Ki-ras gene in Reuber H35B hepatoma cells.

Panel A: The figure showed a typical autoradiogram obtained from
anuclear run-off experiment. Cultured Reuber H32B hepatoma cells
were incubated with 1.6 X 10°M TPA and were harvested at 0, 1/4,
1/2,1, 2 and 4 h (columns 1 to 6). Nuclei were isolated and incubated
with 50 uCi [2P]JUTP for 1 h at 25° C. Labelled RNA was isolated and
hybridized to a filter previously dot-blotted with pBR322 and Ki-ras
DNA probe. After stringent washing, the filter was exposed to an
X-ray film for autoradiography. Panel B: The diagram showed a
densitometric scan of autoradiograms obtained. The change in trans-
cription rate of c-Ki-ras was plotted as a per cent of the zero time
control versus time of incubation with TPA. Error bars represent the
standard error of at least four separate determinations.

exposed to the Hyperfilm-ECL (supplied by Amer-
sham International Co.).

Results

Effect of TPA on the transcriptional activity of c-Ki-ras
gene

When normal hepatocytes were incubated with TPA,
the transcriptional activity of c-Ki-ras gene showed a
very rapid increase reaching a peak value (300% of the
control) within two hours, thereafter the rate started to
decline (Fig. 1). A similar observation was detected in



Reuber H35B hepatoma cells when they were incubat-
ed with TPA (Fig. 2). The increase in transcription rate
of c-Ki-ras gene in these transformed cells was equally
rapid and the maximal rate of c-Ki-ras gene transcrip-
tion was greater than four and a half fold.

Effect of TPA on the stability of c-Ki-ras mRNA

The half-life of c-Ki-ras message was 3.5hr in both
hepatocytes and Reuber H35 hepatoma cells. It appears
that TPA does not have any appreciable effect on the
stability of the c-Ki-ras message in both cell types (Fig.
3A and 3B).

Effect of TPA on the level of functional c-Ki-ras message
We have previously shown that TPA could increase the
level of c-Ki-ras transcript as determined by Northern
blot analysis [24]. The question of whether or not this
increase in c-Ki-ras message was also accompanied by
an accumulation of functionally active message was ad-
dressed. Using an in vitro rabbit recticulocyte lysate
system, it was shown that when normal hepatocytes or
transformed cells were incubated with TPA, there were
marked increases in the functionally active c-Ki-ras
transcript (Figs. 4A and 4B).

Effect of TPA on the level of c-Ki-ras products

Results from Western blot analysis showed that when
hepatocytes were incubated with TPA, the level of
c-Ki-ras protein was increased (Fig. 5a). Several protein
bands were shown to react with a monoclonal antibody
raised against c-Ki-ras. In addition to the p21 c-Ki-ras
protein, a 23kD protein band which represents the
phosphorylated form of the 21 kD c-Ki-ras protein and a
42 kD protein band, which is a dimer of p21, could be
readily detected. It is important to note that the mono-
clonal antibody does not cross react with other proteins
(private communication with Dr. Brian Moore, Onco-
gene Science Inc.). The monoclonal antibody was ob-
tained from a clone derived by fusion of mouse spleen
cells with myeloma cells. It was raised to amino acids
66-189 of the authentic c-Ki-ras protein. The antibody
reacts by immunoprecipitation, immunoblotting with
c-Ki-ras p21 but not with either c-Ha ras or c-N-ras
p20’s. In transformed rat liver cells, the level of c-Ki-ras
protein was also induced upon the addition of TPA
(Fig. 5B) and again a similar pattern of protein bands
was detected.
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Fig. 3. Effect of 12-O-tetradecanoylphorbol-13-acetate (TPA) on the
stability of Ki-ras messages in normal rat hepatocytes and Reuber
H35B hepatoma cells.

Cultured normal rat hepatocytes (-— @ -—@—--@®--) and Reuber
H35B hepatoma cells (—O—O-—0O—) were pretreated with 48 uCi/
ml [*H}uridine in MEM for 3 hr. After thorough washing with MEM
containing 10mM cold uridine, the labelled cells were incubated in
the absence (panel A) or presence of 1.6 X 107°M TPA (panel B) in
MEM containing 10 mM cold uridine. Cells were harvested at diffe-
rent time intervals. The specific radioactivity of labelled c-Ki-ras
RNA was measured by liquid scintillation counting and was plotted as
a percent of the zero time control versus time of cell harvest. Error
bars represent the standard error of at least four separate determina-
tions.

Discussion
Previous studies from our laboratory have shown that

c-Ki-ras expression is induced by low concentrations of
glucagon and that we have also provided evidence sug-
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Fig. 4. Effect of 12-O-tetradecanoylphorbol-13-acetate (TPA) on the accumulation c-Ki-ras functional message in normal rat hepatocytes and

Reuber H35B hepatoma cells.

Poly (A) RNA was isolated from cultured normal rat hepatocytes (panel A) and Reuber H35B hepatoma cells (panel B) incubated with the
absence or presence of 1.6 X 107*M TPA for 4h. The mRNA was translated in the presence of [*H]leucine using an in vitro translation system
supplied by New England Nuclear Company. The translated c-Ki-ras protein was immunoprecipitated with a specific monoclonal antibody raised
against the c-Ki-ras protein. After thorough washing, the immunoprecipitate was solubilized and separated by SDS polyacrylamide gel electrop-
horesis. The rod gel was cut into equal slices and solubilized before the amount of associated radioactivity was measured by liquid scintillation
counting. The protein detected in gel fractions 18 and 19 from the origin of the gel corresponded to a molecular weight of 21 kD.

gesting that the inductive effect of glucagon is mediated
via protein kinase C [24]. Thus, long term exposure of
hepatoma cells to the tumour promoting agent, 12-O-
tetradecanoylphorbol 13-acetate (TPA) which leads to
down regulation of protein kinase C, results in abolish-
ment of the effect of glucagon. However, when cells are
acutely treated with TPA, significant accumulation of
c-Ki-ras messages can be demonstrated. The increase in

the level of messenger RNA may be a result of either an
increase in the rate of transcription or a decrease in the
rate of degradation of the message. In the present
study, we have shown that both Reuber H35 hepatoma
cells and normal hepatocytes when treated with TPA
demonstrate significant changes in the rate of transcrip-
tion of the C-Ki-ras gene as evidenced by the results
from nuclear run off assays. The response to TPA is
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Fig. 5. Effect of 12-O-tetradecanoylphorbol-13-acetate (TPA) on the accumulation of c-Ki-ras protein in normal rat hepatocytes and Reuber H35B

hepatoma cells.

Cultured normal rat hepatocytes (panel A) and Reuber H35B hepatoma cells (panel B) were incubated with 1.6 X 107M TPA and harvested at
0,2 and 4h (lanes 1 to 3). The crude cell extract was inmunoprecipitated with a monoclonal antibody raised against the ¢-Ki-ras protein. The
immunoprecipitate was analysed by 7.5%-17.5% SDS polyacrylamide gradient gel. The c-Ki-ras protein electroblotted onto the membrane was
incubated with the c-Ki-ras specific antibody and detected by a chemilumifluorescence kit supplied by Amersham Co.

much greater in hepatoma cells than that seen in normal
hepatocytes. However, we have no evidence to suppose
that normal hepatocytes require more TPA than hepa-
toma cells as the threshold for TPA appears to be the
same in both types of cells (result not presented). One
possible explanation of this difference probably lies in
the fact that there is a larger proportion of protein
kinase C translocated from the cytosol to the plasma
membrane in rapidly dividing cells [31]. One may there-
fore expect a higher membrane-associated protein ki-
nase C concentration in the more rapidly dividing
Reuber H35 cells and consequently greater induction
by TPA. However, one cannot rule out the possibility
that the signal transduction pathway downstream to
protein kinase C is more sensitive to activation by pro-
tein kinase in more rapidly dividing cells than their
normal counterparts.

It is well established that TPA exerts numerous bi-
ological effects in a wide range of cell types. As well as
inducing transcription of several other cellular proto-
oncogenes including c-fos [32], c-myc [21], c-jun [33, 34]
and c-sis [35]. TPA is also capable of stimulating the
expression of collagenase [36] and stromelysin genes
[36, 37], both of which have been implicated in tumour
invasiveness, angiogenesis [38] and metastasis [39]. In
addition, TPA is capable of inducing the synthesis of the
transcription factor complex AP-1 via activation of pro-
tein kinase C [40]. It has been suggested that the ability
of TPA to induce gene transcription is secondary to its
inductive effect on AP-1. In this respect, it is interesting
to note that several of the TPA-inducible genes studied
passess a common sequence TGAGTCAG [41]. The
exact nature of the nuclear factors which bind to these
TPA responsive elements has not been identified, al-

though they are likely to interact with protein substrates
for protein kinase C or proteins modified by the phos-
phorylation cascade induced by protein kinase C.
Baeuerly & Baltimore [42] have demonstrated that in
both unstimulated 70Z/3 pre-B cells and Hela cells, the
kappa enhancer-binding protein NF-kappa B is present
as a cytosolic protein which exists in an inhibited form
with no apparent DNA binding activity. However, on
stimulation with TPA, the protein is translocated into
the nuclei with simultaneous release of the inhibition on
DNA binding activity.

In view of the many-faceted actions of TPA, we have
also performed experiments to investigate whether or
not the stability of the c-Ki-ras message has been altered
following TPA treatment. Our results clearly show that
the half-life of the C-Ki-ras transcript is essentially simi-
lar in both untreated and TPA-treated cells. In addi-
tion, the stability of the c-Ki-ras mRNA in H35B hepa-
toma cells does not differ significantly from that found
in normal hepatocytes suggesting that stability of the
message is probably not a factor giving rise to the vastly
different levels of c-Ki-ras transcripts in the two types of
cells under basal conditions. The half-life of c-Ki-ras
mRNA as measured in either normal or transformed
hepatocytes is 3.5 hr and is quite short in comparison to
that of B-globin mRNA which is greater than 24 hr in
erythroid cells [43]. The short half-life of RNA tran-
scripts is often a characteristic of those genes involved in
growth control as their expression has to be stringently
regulated. This group of genes includes proto-onco-
genes such as c-fos and c-myc and those coding for
lymphokines and cytokines.

We have also carried our an in vitro translation study
to test the functional activity of the TPA-induced tran-
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script. Indeed, the induced message can be efficiently
translated into a p21 protein which is recognized by a
monoclonal antibody raised against c-Ki-ras. This
monoclonal antibody is absolutely specific for c-Ki-ras
as it does not cross react with other members of the ras
family (see result section). In both normal hepatocytes
and Reuber H35 hepatoma cells, the TPA-induced in-
crease in transcription of the c-Ki-ras gene is accompa-
nied by parallel increases in the amount of the c-Ki-ras
protein. Three protein species with molecular weights
of 42kD, 23kD and 21kD were detected. We have
repeatedly demonstrated that the 21kD ras protein
forms a dimer even under the reducing condition em-
ployed in SDS gel electrophoresis. The same observa-
tion was also made independently in another laboratory
(Dr. Brian Moore, Oncogene Science Inc., private
communication). The 23kD protein probably repre-
sents the phosphorylated form of the acylated, mature
form of c-Ki-ras [40, 44]. The occurrence of post-trans-
lational modification of c-Ki-ras has been reported pre-
viously [44-49] and its functional significance probably
lies in its ability to interact with an integral membrane
receptor thus enabling it to play a role in membrane
signalling.

The importance of ras proteins in the control of
growth and differentiation in eukaryotes is well estab-
lished. During liver regeneration, the expression of ras
gene follows a specific sequential manner which sug-
gests a vital role played by ras proteins in growth-relat-
ed processes [50, 51]. Recent work has shown that
lowering the amount of membraned associated p21 ras
protein leads to significant inhibition of growth of hepa-
tocytes [52]. We have recently demonstrated [Chan et
al., in press| that c-K-ras shows a specific develop-
mental pattern in liver which is characteristic of a group
of enzymes termed as the neonatal cluster which in-
cludes phosphoenolpyruvate carboxykinase, tyrosine
aminotransferase and serine dehydratase [53]. Like c-
Ki-ras, the expression of these postnatal enzymes is
induced by glucagon [53, 54]. It will be of interest to
investigate if c-Ki-ras protein may be involved in the
regulation of the development of these neonatal en-

Zymes.
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