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SUMMARY

Three isozymes (Enzymes I to III) of branched-chain amino
acid transaminase (EC 2.6.1.6) in various rat tissues and
cultured hepatocytes were separated by diethylaminoethyl
cellulose column chromatography and disc gel electrophoresis.
It was found that normal liver contained Enzymes I and II,
while normal brain and heart contained Enzymes III and I,
respectively. Fetal liver contained Enzyme 1 only. It has been
reported that poorly differentiated hepatomas contain
Enzymes I and III.

A pure clone of cultured rat hepatocytes contained only
Enzyme I, but when the cells were transformed in vitro, either
by 4-nitroquinoline 1-oxide or dimethylaminoazobenzene,
Enzyme III appeared as well. Six of 12 cell strains isolated
from the liver of newborn rats or adult rats that had been fed
with chemical carcinogens contained Enzymes I and III, while
the other six strains contained only Enzyme I. The
chromosome numbers of the five strains with Enzymes I and
III deviated markedly from the normal diploid pattern, while
the other six strains showed less deviation. These results
suggest that phenotypic expression of these isozymes is altered
by genetic aberration and not by mere selection of a certain
cell population.

INTRODUCTION

We reported previously that 3 isozymes (Enzymes I to III)
of branched-chain amino acid transaminase (EC 2.6.1.6) were
found in various rat tissues and that they could be
distinguished either chromatographically or immunochemi-
cally (1, 21). Normal adult liver contained Enzymes I and II.
The former transaminated valine, leucine, and isoleucine
equally well, while the latter transaminated only leucine.
Enzyme II was found only in liver among the tissues
examined, and its activity fluctuated under various physiologi
cal conditions (10, 26). Fetal liver, however, contained only
Enzyme I, and Enzyme II appeared after birth (9). In the
previous paper (20) we showed that various Yoshida ascites
hepatomas, Yoshida sarcoma, primary hepatomas induced by

3'-Me-DAB,3 and some Morris hepatomas contained Enzymes

I and III instead of Enzyme II. In normal rats Enzyme III was
found in the brain and was very similar to Enzyme I, except
for its Chromatographie and immunochemical properties. It
was also found that the Enzyme Ill's from hepatomas and

brain, respectively, were indistinguishable in all properties
examined.

In hepatomas, phenomena such as the abnormal appearance
or disappearance of isozymes have been called dis- or
dedifferentiation (4,28, 29), but the exact mechanism of their
occurrence is unknown. Possible mechanisms may be that: (a)
during carcinogenesis the mechanism of gene expression may
change, so that an unusual phenotype is acquired; (b) normal
tissue may contain a mixed cell population in which each type
of cell contains a different ratio of isozymes and a certain cell
population may be selected during carcinogenesis; and (c)
isozyme molecules may be interconvertible during
carcinogenesis. Immunochemical studies indicate that the 3rd
possibility is very unlikely (21), and thus in this work the
other possibilities were examined with the use of tissue culture
cells isolated from rat liver. It was found that Enzyme HI
appeared when pure cloned cells containing only Enzyme I
were transformed by either 4-NQO or DAB. Results also
suggested that aberration of chromosomal numbers may be
related to the appearance of Enzyme III.

MATERIALS AND METHODS

Cell Lines. Cells were isolated, cloned, and cultured as
reported previously (17), as was the method used for feeding
rats with chemical carcinogens (25) and the transformation of
culture cells with chemical carcinogens (17).

Enzyme Preparation. Cells grown to the beginning of the
stationary phase were washed twice with cold 0.9% NaCl
solution and subjected to 2 cycles of freezing and thawing.
The cells were then suspended in a small amount of 0.25 M
sucrose solution and homogenized in a Teflon-glass
homogenizer. The homogenate was centrifuged at 10,000 X g
for 15 min and the supernatant was used as enzyme
preparation. For disc gel electrophoresis the enzyme solution
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was usually concentrated to 0.2 to 0.5 ml by lyophilization.
Enzyme Assay. The activity of branched-chain amino acid

transaminase was measured, and the specific activity was
expressed as units/mg protein as reported previously (20).
L-Leucine was used routinely as the amino donor.

Disc Gel Electrophoresis. Disc gel electrophoresis was
carried out by the method of Davis (5). Samples of 50 to 100
H\ (containing 100 to 300 Â¡igof protein) were applied to discs.
Electrophoresis was carried out at 2 ma/tube. Then, after 2 hr,
the gel was cut into widths of 1 mm, and the enzyme activity
of each slice was measured as described above. The Rm values
of Enzymes I, II, and III were 0.32 Â±0.02, 0.46 Â±0.03, and
0.57 Â±0.08, respectively. These enzyme preparations used as
standards were prepared from rat heart, liver, and brain,
respectively, as previously reported (1, 21). The isozyme
pattern on electrophoresis or chromatography was expressed
in terms of the absorbance of the phenylhydrazone formed
from keto acid at 440 nm. The proportion of the isozymes
were calculated as the percentage of the total activity eluted
from the disc gel. The recovery of enzyme activity was over
85%.

DEAE-Cellulose Column Chromatography. Chromatography
was carried out with a small column (1.5 x 25 cm), as
reported before (20).

Chromosomal Analysis. Chromosome numbers were
measured as described elsewhere (15).

RESULTS

Isozyme Patterns of Pure Clones of Rat Hepatocytes and
Their Transformed Cells. As shown in Chart 1, DEAE-cellulose
chromatography revealed that PC-2 contained Enzyme I, while
the PCQT-2 contained Enzymes I and III. Because of the
limited amount of tissue culture cells available, subsequent
separation of isozymes was carried out electrophoretically.
Chart 2 indicates that disc gel electrophoresis also showed the
presence of Enzyme I only in PC-2 and Enzymes I and III in
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Chart 1. Elution patterns of branched-chain amino acid
transaminase in PC-2 and PCQT-2 on DEAE-cellulose chromatography.
Twenty-one and 25 mg of protein, respectively, were applied on the
column. Activity was measured with either leucine or isoleucine and the
2 activities were very similar in each fraction.

PCQT-2. The electrophoretic mobilities of these isozymes of
the cells coincided well with those of corresponding isozymes
in adult heart and brain, but not with Enzyme II of adult liver.
This method confirmed results reported previously (1,9) that
the extract of adult liver contained Enzymes I and II, while
fetal liver contained Enzyme I only (Table 1). It also showed
that cells transformed with DAB (PCDT-2) contained Enzymes
I and III. These results indicate that a change of isozyme
pattern was induced in a single cell line, although the isozyme
patterns of transformed cells before back transplantation were
not examined.

Isozyme Patterns of Cell Strains after Short-Term Culture.
PC-2 cells and their transformed cells have been transferred for
many generations. The isozyme patterns of other cell strains,
which had been cloned once and cultured for a short period,
were also examined (Table 2). These strains were all derived
from the liver of the same 7-day-old rat, except RLN-B-2,
which was isolated from another 7-day-old rat. RLN-J-C-1 and
-20 contained Enzymes I and III, while the other cell strains
contained only Enzyme I. It is interesting that those cells with
Enzymes I and III showed marked chromosomal deviation,
unlike the cells with Enzyme I only. These cell strains were
cultured for relatively short periods, but none of them
contained Enzyme II. Studies are now in progress to determine
whether any of these cell strains have tumorigenic properties.

Isozyme Patterns of Cell Strains Isolated from Rats Fed
DAB or 3'-Me-DAB. The cell strains used in the above

experiments were all isolated from the liver of newborn rats
which is relatively easy to culture. Adult rat liver cells can also
be cultured when the rats have been fed on chemical
carcinogens. Table 3 showed that 4 strains contained Enzymes
I and III, while others contained Enzyme I only. Two of them
were isolated from rats that had received 3'-Me-DAB for 2

months. Feeding of DAB for 1 month did not induce Enzyme
III in the cells, but dRLh-84, which was isolated from a tumor
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Distance (cm)

Chart 2. Isozyme patterns of branched-chain amino acid
transaminase of rat tissues and cultured hepatocytes on polyacrylamide
disc gel electrophoresis. Reference isozymes applied for electrophoresis
were isolated from adult rat tissues by DEAE-cellulose chromatography
according to the method described previously (21).
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Table 1
Effect of transformation ofPC-2 cells by chemical carcinogens

on the isozyme patterns

Tissue orcellsAdult

liver"(8)Fetal
liver (4daysbefore

birth)(4)PC-2CPCQT-2PCDT-2Totalculture(days)Specific-Distribution

of
isozymes(%)activity(units/

mg1.0

Â±9501141874261310.5Â±.1.0.0protein)002",2I301001008171117000001110001929

" Figures in parentheses, numbers of samples examined.
b Mean Â±S.D.
c PC-2 cells were isolated from the liver of a normal, male (5 days

old), Donryu rat and cloned from a single cell. After 543 days portions
of this culture were treated intermittently with either 4-NQO
(IX IO'6 M) 10 times each time for 1 hr a day for a period of 121

days or with DAB (5 Mg/ml) 4 times for 11 to 17 days with each
administration over a period of 117 days. Each of these cells were
transplanted i.p. into rats, and ascites tumors formed after 172 days in
the 4-NQO culture and 101 days in the DAB culture, and were
recultured for 477 and 214 days, respectively. The details of these
treatments were reported previously (17). PCQT-2 cells were treated
with 4-NQO and PCDT-2 cells were treated with DAB.

that was induced by feeding DAB to the rat for 1 year,
contained Enzymes I and III.

Previous work (20) showed that all hepatomas that
appeared 5 months after induction by feeding 3'-Me-DAB

contained Enzyme III, so the tumor from which dRLh-84 was
isolated probably contained Enzyme III before cell culture; if
this is so, expression of Enzyme III must be maintained during
transfer of cells to culture in vitro. This indicates that
expression of Enzyme III may be rather stable under different
external conditions. It also shows that the rats fed 3'-Me-DAB

for 2 months did not contain Enzyme III in their livers.
Therefore, the cell lines 3'-mRLN-30 and -31, which contain

Enzyme III, must be derived from cells that had normal
isozyme patterns in vivo but had acquired derepression of gene
expression of Enzyme III in vitro. Four of the cell lines
containing Enzyme III showed marked deviation of
chromosomal numbers, such as RLN-J-C-1 and -20.

DISCUSSION

There are many reports showing that various isozyme
patterns change remarkably during carcinogenesis; these
reports were reviewed recently (4, 20). Most of these changes

Table 2
Isozyme patterns and chromosomal numbers of various hepatocyte strains

after short-term culture

Cellstrain"RLN-J-C-1RLN-J-C-1

3RLN-J-C-16RLN-J-C-20RLN-B-2(

ulture(days)163174174161278Distribution

of
isozyme (%)bChromosomesSpecific

activity(units/
mgprotein)2.314.017.73.423.1I4510010066100III5500340Modalnos.4342424242%c4262848284Diploid(%)d2258801482

0 RLN-B-2 was isolated from a 7-day-old rat and cloned once. All others were from another
7-day-old rat.-

None of these cells contained Enzyme II.
c Percentage of cells with modal chromosomes.
d Percentage of normal diploid cells.

Table 3
Isozyme patterns and chromosomal numbers of various cell strains isolated from rats fed DAB or 3'-Me DAB

Cellstrain"dRLN-4dRLN-9dRLN-53dRLN-6dRLh-843'-mRLN-303'-mRLN-31AzodyesDABDABDABDABDAB3'-Me-DAB3'-Me-DABfed303357623125561Culture(days)272155451214197172240(units/mgprotein)8.410.013.26.117.0Distribution

of
Isozymes(%)bI10010077100404234III00230605866Chromosomes0Modal

nos.42423942404443%707848H6424246Diploid(%)70742H6006

0 The rats used were a 95-day-old male for dRLN-4, a 98-day-old female for dRLN-9, a 111-day-old male for dRLN-53, a 127-day-old male for
dRLN-6, a 116-day-old female for 3'-mRLN-30, and a 125-day-old female for 3'-mRLN-31. The cells were isolated and cloned once from the livers
of the respective rats. dRLh-84 was isolated from a hepatoma of a 406-day-old female rat.

None of the cell strains contained Enzyme II.
c Explanations are as in Table 2.
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showed acquisition of the fetal or muscle pattern, while others
obtained patterns of kidney or brain, like the transaminase in
the present work. However, it is uncertain whether these
changes (de- or disdifferentiation) of isozyme patterns are due
to aberration of gene expression or to selection of a certain
cell population.

The present experiments with PC-2 cell lines before and
after exposure to chemical carcinogens suggest that the change
in isozyme pattern of the transaminase may be due to
derepression of the gene for Enzyme III. This is supported by
findings that, among 12 strains, Enzyme III was found only in
cells with quite deviated chromosome numbers. In the latter
cell strains, however, the possibility that a cell population
containing Enzyme III in vivo might be selected during culture
cannot be completely excluded. In particular, the fact that the
cell line dRLh-84 isolated from a tumor induced by DAB
feeding contained Enzyme III may very well be explained as
being due to cell selection. However, it was found among other
strains that those with a marked deviation in chromosome
number contained Enzyme III, and therefore it is very likely
that these cells were transformed spontaneously during culture
and acquired Enzyme III, while carcinogen administration to
rats may accelerate subsequent spontaneous transformation of
these cells in vitro.

In connection with the present results, it is also interesting
to compare the isozyme patterns we found in some Morris
hepatomas (20) with the results of chromosomal analyses of
these hepatomas reported by Nowell and Morris (18) and
Nowell et al. (19). Such a comparison shows that the
karyotypes of the hepatomas with Enzyme III are more
deviated than those of hepatomas without Enzyme III;
5123tc, 7795, and 7793 contained Enzyme III and their
chromosomal numbers were between 45 and 49, while 7794A,
7316A, and 7777 contained no Enzyme III and their
karotypes were either normal or slightly deviated from diploid.
Moreover, all Yoshida ascites hepatomas examined contained
Enzyme III (20), and it was reported that their karyotypes
were also markedly deviated from normal (11).

Recent reports on cell fusion suggested that expression of
some marker enzymes can be suppressed in hybrid cells with
complete sets of parental chromosomes but that these markers
reappear when the hybrid cells lose some chromosomes (13,
32, 33). These reports suggest that changes of chromosomes
may influence gene expression. However, it is still uncertain
whether a particular chromosome is responsible for the
appearance of Enzyme III. Moreover, there are many reports
that biochemical disdifferentiation and change to an abnormal
karyotype in hepatomas may not be in parallel and that the
karyotypes of transplan table hepatomas may change after
repeated passages (8, 18, 19).

The cultured cells used in the present work showed some
dedifferentiation, i.e., loss of many functional enzymes-
Enzyme II of the transaminase, serine dehydratase (EC
4.2.1.13) and change of the isozyme patterns of hexose-ATP
phosphotransferase (EC 2.7.1.1), aldolase (EC 4.1.2.13), and
pyruvate kinase (EC 2.7.1.40)-to the muscle types was
observed; however, the RLN-B-2 strain contained some
activity of tyrosine transaminase (EC 2.6.1.5) and the liver
types of aldolase and glucokinase (unpublished data). It was
also reported to produce albumin (16). Many aspects of

dedifferentiation of cultured cells have been discussed (2, 6),
although some hepatoma cells and normal hepatocytes still
retain differentiated enzymes in culture (3, 7, 22,27, 32). The
interpretations of carcinogenesis have been blocked ontogeny
(23, 24) or loss of differentiation (4, 28, 29). It has been
reported that, during carcinogenesis with 3'-Me-DAB,

undifferentiated, fetal-type cells appeared in the liver (12).
The isozyme pattern of branched-chain amino acid
transaminase in some cultured cells resembles that of fetal liver
(9) and Morris hepatoma 7777 (20) in containing only
Enzyme I, while in other cultured cells it resembles poorly
differentiated hepatomas (20, 21) in containing Enzymes I and
III.

It is still uncertain whether loss of differentiated enzymes in
cultured cells is due to leakage of enzymes on dispersion of the
cells (30, 31), to repression of gene expression, or to difficulty
in culture of cells with differentiated properties. However,
recent findings on cell fusion and the effect of
5-bromodeoxyuridine treatment favor the possibility that it is
due to repression of gene expression under certain culture
conditions (13, 14, 27, 32, 33). These findings, together with
the present results, indicate that gene expression in cultured
cells can be altered by environmental conditions. These
cultured cells were converted in general to immature,
fetal-type cells (12, 23, 24), probably due to loss of
differentiation. This process may be reversible and may be
called development or differentiation in one direction, and, in
the opposite, dedifferentiation. When cells are transformed
they may acquire tumorigenic properties, or abnormal gene
expression, and it may be called disdifferentiation (appearance
of Enzyme III in the present report). Although a close
correlation between the appearance of Enzyme III, change of
karyotype, and acquisition of tumorigenicity is still uncertain,
they may be represented as follows:

Transformed
cells or

hepatomas

Phenotypes
1,11 i

Immature
fetal, or

stem cells

Mature
or adult

cells

Development or
differentiation

Disdifferentiation Dedifferentiation

zi, H

If this assumption is reasonable, isozymes of branched-chain
amino acid transaminase would be very useful markers to
distinguish grades of differentiation in various hepatocytes.
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