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ABSTRACT Overlapping chromosomal deletions at the
albino locus on chromosome 7 of the mouse affect the expres-
sion of several liver enzymes, including tyrosine aminotrans-
ferase (TAT; L-tyrosine:2-oxoglutarate aminotransferase, EC
2.6.1.5). With cloned TAT DNA the integrity of the TAT
structural gene and its expression and inducibility by glucocor-
ticoids and cAMP were examined in deletion homozygous
mice. No difference in the structure of the gene between nor-
mal and mutant mice was detected by Southern blotting. Se-
verely reduced amounts of TAT mRNA were detected in ho-
mozygous mutants. The residual mRNA levels could not be
modulated by glucocorticoids or cAMP. We conclude that a
trans-acting control function required for expression and in-
ducibility of mouse TAT can be assigned to the chromosomal
region near the albino locus.

The analysis of several overlapping radiation-induced chro-
mosomal deletions at and around the albino locus on chro-
mosome 7 in the mouse has given strong indications for the
existence of one or more regulatory factors encoded within
the deleted region and concerned specifically with the con-
trol of various genes that map on other chromosomes and
express liver-specific enzymes and proteins (1).
One such enzyme with dramatically reduced activity in de-

letion homozygous newborn mice is tyrosine aminotransfer-
ase (TAT; L-tyrosine:2-oxoglutarate aminotransferase, EC
2.6.1.5) (2). The absence of a dosage effect in deletion het-
erozygotes made it appear unlikely that the lack of enzyme
activity was due to the inclusion in the deleted region of the
structural gene for TAT. This suspicion was confirmed in
subsequent experiments in which somatic cell hybrids be-
tween mouse liver cells homozygous for the deletion and hy-
pertetraploid rat hepatoma cells were shown to express nor-
mal mouse TAT enzyme activity (3). With the use of an en-
zyme marker, glucose-6-phosphate isomerase, the TAT
structural gene was shown not to map on chromosome 7,
which carries the deletion. A similar result was subsequently
obtained for glucose-6-phosphatase, also a liver-specific en-
zyme with virtually no activity in deletion homozygotes but
expressed normally in somatic cell hybrids (4). The conclu-
sion was therefore reached that, in individuals homozygous
for the deletion in chromosome 7, several liver functions en-
coded elsewhere in the genome failed to differentiate. Fur-
thermore, the equivalent of the deleted DNA was assumed
to include one or more regulatory gene(s) encoding factors
essential for the expression of a distinct set of liver-specific
functions during the course of differentiation (5).
The availability of DNA clones of the rat as well as the

mouse TAT gene (refs. 6 and 7; unpublished results) provid-
ed the necessary material for attempts to identify the level of
this regulatory defect. Therefore, experiments were de-

signed to examine the integrity of the TAT structural gene in
deletion homozygous mice as well as the expression and in-
ducibility of this gene by dexamethasone and cAMP. The
results of these studies clearly show the TAT structural gene
to be intact in deletion homozygotes and allow us to ascribe
their failure to express TAT enzyme activity to defects at the
level ofmRNA production. These in turn are assumed to be
due to the absence of a regulatory gene mapping within the
deleted region.

MATERIALS AND METHODS

Mouse strains carrying various albino deletion mutations are
bred at the Albert Einstein College of Medicine. For the
present experiments, the lethal deletions c3H and cl4cos
were used. Since mice homozygous for these deletions die
within a few hours after birth, it is necessary to maintain
them in the heterozygous state. Newborn deletion homozy-
gotes are recognized as albinos, and heterozygotes as well as
normal homozygotes by the presence of eye pigment. For
certain experiments, livers were removed shortly after birth
without any previous treatment. In the experiments involv-
ing hormonal induction, the following procedures were used.
Newborn mice were injected subcutaneously with N6,02-
dibutyryladenosine 3',5'-cyclic monophosphate (Bt2cAMP)
alone (50 or 125 mg/kg of body weight in 0.85% saline),
dexamethasone alone (100 ,ug/kg of body weight in 0.85%
saline), or a combination of the two in the same concentra-
tions as above. Livers were removed from deletion homozy-
gotes and normal littermates 45-60 min after Bt2cAMP and 2
hr after dexamethasone or Bt2cAMP plus dexamethasone in-
jections. All livers were frozen in liquid nitrogen and subse-
quently shipped to Heidelberg for further analysis.
The mouse TAT gene was isolated from a X phage mouse

genomic DNA library. The isolated clone, XmTAT-1, was
characterized with the help of subclones of the rat TAT gene
and rat TAT cDNA clones (6, 7). Southern blot analysis of
the mouse TAT gene was performed as described (8). The
preparation of poly(A)+ RNA and RNA blot analysis were
carried out as described (9) except for the use of messenger
affinity paper (mAP) instead of poly(U)-Sepharose for the
preparation of poly(A)+ RNA (10). Blots were probed with
uniformly 32P-labeled complementary SP6 RNA probes. The
plasmids used for synthesis of the SP6 RNA probes were
constructed by inserting the fragment ES1.4 (Fig. 1, line b),
TAT cDNA (6), or albumin cDNA (11) into the vector SP62-
PL (12, 13). Specific activity of the probe was approximately
5 x 108 dpm/,ug of RNA, and probe concentration was 25 x
106 dpm/ml. Hybridization and washing were carried out as
described (12), including a final wash of the filters in 15 mM
NaCl/1.5 mM sodium citrate at 70°C for 1 hr.

Abbreviations: TAT, tyrosine aminotransferase; Bt2cAMP, N6,02'-
dibutyryladenosine 3',5'-cyclic monophosphate; kb, kilobase(s).
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FIG. 1. Organization of the mouse TAT gene. The exon/intron structure of the mouse TAT gene was determined by analysis of heterodu-
plexes between the DNA of XmTAT-1, aX phage recombinant containing the mouse TAT gene and mouse poly(A)+ RNA. In line a, black boxes
A-L indicate exons, open boxes 1-11 indicate introns, and the line indicates flanking sequences. Xl and Xr indicate the junction to the left and
right arm of X DNA. The letters below indicate the restriction enzyme cleavage sites BamHI (B), EcoRI (E), HindIII (H), and Sal I (S).
Fragments used for DNA and RNA analysis are shown in line b. The numbers above the restriction fragments indicate the size in kilobases (kb).

RESULTS

Integrity of the TAT Structural Gene Is Not Affected by the
Lethal Albino Deletions. To analyze the TAT gene in homo-
zygous wild-type and homozygous mutant mice, the mouse
TAT gene was isolated and characterized. The organization
of the isolated mouse TAT gene is shown in Fig. 1, line a,
which presents the exon/intron structure and a restriction
enzyme cleavage map. The structure was determined by he-
teroduplex analysis between mouse TAT mRNA and cloned
TAT DNA (unpublished data). The 2.3-kb TAT mRNA is
encoded by a gene that extends over 9.2 kb and is interrupt-
ed by 11 introns. Fig. 1, line b shows the fragments used to
probe the structure of the TAT gene (SH3.7 and HE2.1) and
to determine the concentration of TAT mRNA (ES1.4) in
normal and mutant mice.

Previous studies involving somatic cell hybridization had
shown the TAT structural gene to be expressed normally and
therefore presumably to be intact in newborn mice homozy-
gous for the deletions cI4CoS and cll2K as well as C3H (3). To
establish definitively the physical integrity of the TAT struc-
tural gene in deletion homozygotes, DNAs from c3H/C3H
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and normal littermate (cch/Cch) newborn mice were digested
with BamHI and EcoRI, and the fragments were separated
on agarose gels, transferred to nitrocellulose filters, and
probed with the 32P-labeled fragments SH3.7 and HE2.1 as
indicated in Fig. 1, line b. As shown in Fig. 2, no differences
can be detected between c3H/c3H and normal mice in the
number and size of hybridizing fragments. Thus, no gross
rearrangements appear to have occurred in the structural
TAT gene of deletion homozygotes. Support for these re-
sults has been obtained by mapping the TAT gene by restric-
tion fragment length polymorphisms to the distal part of
chromosome 8 (unpublished data), unlinked to the albino de-
letions in chromosome 7 of the mouse.
TAT mRNA Levels in Livers of Deletion Homozygotes Are

Severely Reduced and Cannot Be Induced by Glucocorticoids
or cAMP. To determine whether the TAT enzyme deficiency
in homozygous mutants results from defective TAT gene
expression, TAT mRNA concentrations were analyzed by
RNA blot analysis. Initial determinations of TAT mRNA
concentrations in livers of maximally induced newborn mu.

tant and normal littermates were carried out with the com-
plementary-strand SP6 RNA probe of the rat TAT cDNA
clone pcTAT-3 (6). Fig. 3a shows the presence of TAT
mRNA in the livers of normal heterozygous (c3H/cch) and
homozygous (cch/Cch) hormone-induced newborn mice. In
contrast, no TAT mRNA can be detected in the RNA from
livers of similarly induced deletion homozygotes (c3H/c3H),
even after prolonged exposure of the autoradiograms. Albu-
min mRNA, a liver-cell-specific gene product not inducible
by cAMP or dexamethasone (11), served as an internal stan-
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FIG. 2. Southern blot analysis of the TAT gene of normal and

mutant mice. DNA from C3H/C3H (lanes 1, 3, 5, and 7) and cch/cch
(lanes 2, 4, 6, and 8) mice was digested with BamHI and EcoRI and
transferred to nitrocellulose after separation on a 0.8% agarose gel.
As visualized from the ethidium bromide-stained agarose gel, the
concentration of DNA of CCh/CCh mice after BamHI digestion (lanes
2 and 6) is about half. The filters were probed with fragment SH3.7,
a single-copy DNA fragment located on the 5' end, and with frag-
ment HE2.1, a single-copy fragment derived from the middle part of
the gene. The 0.8-kb EcoRI fragment containing the first exon has
run out of the gel. The arrows indicate the positions of HindIII frag-
ments of X DNA used as size markers (kb).

a

ALBUMIN s Z _ _

b

FIG. 3. RNA blot analysis of liver poly(A)+ RNA derived from
deletion homozygous (c3H/c3H), heterozygous (C3H/Cch), and wild-
type (cch/cch) newborn mice. Animals were induced with either
dexamethasone or Bt2cAMP. Two micrograms of poly(A)+ RNA
was electrophoresed, blotted, and hybridized to 32P-labeled anti-
sense RNA transcribed from SP6 plasmids containing rat TAT
cDNA (a) and albumin cDNA (b). The filters were finally washed
twice for 30 min at 70°C in 15 mM NaCl/1.5 mM sodium citrate.
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dard for normalization of amounts of TAT mRNA. Albumin
rhRNA is expressed to the same degree in mutant and for-
mal littermates (Fig; 3b).

Since under stringent conditions the rat cDNA probe was
found to hybridize to a considerably lesser degree to mouse
TAT mRNA than to the rat message, some heterogeneity
between the rat and the mouse genes appeared to exist.
Therefore, the single-copy fragment ES1.4 (Fig. 1, line b)
representing the 3' end of the mouse TAT gene was cloned in
the appropriate orientation, in SP62-PL, and the 32P-labeled
complementary SP6 RNA transcribed from the inserted
mouse TAT DNA was used as a probe for further analysis
(12). The availability of the homologous TAT probe permit-
ted a more stringent washing of filters and resulted in a re-
duced filter background. The increased sensitivity in the
RNA blot analysis made possible detection of low residual
TAT mRNA levels in homozygous mutants.
Using this homologous probe, we determined levels of

TAT mRNA in heterozygous (C3H/cch) and homozygous
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FIG. 4. Effect of Bt2cAMP and dexamethasone on the TAT
mRNA level in livers of deletion homozygous (C3H/C3H), heterozy-
gous (c3H/cch), and wild-type (Cch/Cch) newborn mice. Poly(A)+ liv-
er RNA was prepared from noninduced and induced animals and
processed as described in the legend to Fig. 3. Genotypes, inducing
agent, and amount of poly(A)+ RNA analyzed are indicated. The
filters were probed with 32P-labeled antisense RNA transcribed
from a SP6 plasmid containing the mouse genomic TAT DNA frag-
ment ES1.4 (a and b) and albumin cDNA (c). To estimate the
amount of TAT mRNA present in mutant livers, a dilution series of
poly(A)+ RNA from an uninduced wild-type mouse (a, lane 6) was
run on the same gel (lanes 10-12). The filters were exposed for 3.5 hr
(a) and 30 hr (b). The filter used for hybridization with TAT comple-
mentary-strand SP6 RNA (b) was rehybridized with albumin SP6
RNA (c).

normal (cch/cch) newborn mice as well as homozygous mu-
tants (c3H/C3H), both with and without hormonal induction.
Fig. 4a shows uninduced levels of TAT mRNA as well as
those induced by cAMP, dexamethasone, or both in livers
from heterozygous and homozygous normal mice. The ex-
tent of induction, when normalized with respect to albumin
mRNA, varies approximately 3- to 7-fold. This variation is
not surprising since TAT enzyme activity rises sharply after
birth, and the animals used in this experiment were not litter-
mates. Therefore, slight differences in postnatal age would
be expected to be reflected in the state of activity of the TAT
gene. Hybridization ofthe mouseTAT probe to liver poly(A)+
RNA of homozygous mutant mice is shown in Fig. 4b. In
lanes 1-9, 2 ug of poly(A)+ RNA prepared from individual
mutant livers and, in lanes 10-12, 0.2, 0.07, and 0.02 ,g of
uninduced liver poly(A)+ RNA from a homozygous normal
newborn mouse (Fig. 4a, lane 6) were applied to the gel to
make possible a quantitative estimate ofTAT mRNA reduc-
tion in mutant liver cells. Hybridization of the same filter to
the complementary-strand SP6 probe of an albumin cDNA
clone (Fig. 4c) was used for normalization of amounts of
TAT mRNA. With the homologous probe, low levels ofTAT
mRNA were detected in all homozygous mutant mice. How-
ever, in comparison to the dilution series of liver mRNA
from a homozygous normal mouse (lanes 10-12), the
amounts of TAT mRNA in the mutants appear drastically
reduced, to values between 2% and 8% of the noninduced
normal newborns. It is significant that similar variations
were observed even between members of pairs of mutant
newborns originating from the same litter and treated identi-
cally (in Fig. 4b, compare lanes 1 and 2, lahes 3 and 4, and
lanes 7 and 8). Since these differences in TAT mRNA
amounts were of the same order of magnitude as those be-
tween induced and noninduced mutants, the conclusion ap-
pears justified that deletion homozygotes are not inducible
by cAMP, dexamethasone, or a combination of the two. The
amounts of albumin mRNA show only minimal variability
(Fig. 4c); therefore, inappropriate recovery of the poly(A)+
RNA is excluded as a possible explanation for the results. To
minimize age variations as much as possible, the induction
experiments were repeated with six matched pairs each of
normal and mutant (C3H and cl4cos) littermates. In the nor-
mal pairs, induced partners showed a 3- to 4-fold increase of
TAT mRNA over honinduced animals. In contrast, in the
mutant pairs, induced and noninduced partners showed simi-
lar amounts ofTAT mRNA, confirming the lack of inducibil-
ity in deletion homozygotes (data not shown).

DISCUSSION

The integrity of the TAT structural Sene in mice homozy-
gous for the lethal albino deletion c and expressing only
marginal TAT enzyme activity was examined on Southern
blots, which showed identical restriction fragment patterns
for TAT DNA irt normal and deletion homozygous mice. The
steady-state levels of TAT mRNA, however, are reduced
drastically in c3H and cl4CoS deletion homozygotes, and they
cannot be modulated by glucocorticoids and cAMP as is the
case in normal newborn animals. It is not possible to decide
at this time whether the mRNA deficiencies result from de-
fective transcription or changes in message processing and/
or stability. Measurements of the actual transcription rate of
the TAT gene will allow a distinction between these possibil-
ities. The TAT structural gene had been shown in earlier ex-
periments to be present in deletion homozygotes, to be ex-
pressed normally in somatic cell hybrids between homozy-
gous deletion mouse liver cells and rat hepatoma cells, and
therefore to map on a chromosome other than number 7 (3).
The Southern blot data reported here give strong support for
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these conclusions but cannot exclude the existence of small
deletions or point mutations in regulatory regions of the TAT
gene that may be responsible for the observed defects in
TAT mRNA expression and induction. However, this is not
likely to be the case since the mouse TAT gene was mapped
definitively to chromosome 8 (unpublished results), while
the albino deletions are located on chromosome 7. Further-
more, one additional liver enzyme encoded elsewhere in the
genome (4) is similarly affected by the same deletions (1),
suggesting that a genetic defect mapping in a location other
than that of the respective structural genes is responsible for
the different enzyme deficiencies.

In the homozygous state the deletions cause a reduction of
steady-state TAT mRNA to levels less than 10% of normal
and a loss of induction by hormones. The variability of the
residual mRNA levels among different individuals homozy-
gous for the deletions cannot be explained at this time; it is,
however, consistent with previous data on TAT enzyme ac-
tivity (2). It is noteworthy that the marginal levels of TAT
mRNA observed in deletion homozygous newborns are
equivalent to those found in normal fetuses just before birth.
The deficiency of TAT mRNA amounts might be caused

by the absence in deletion homozygotes of an essential regu-
latory factor normally encoded within the deleted region and
responsible for transcriptional modulation of the TAT gene.
Such a factor must be assumed to be acting in the trans posi-
tion. It is interesting that absence of this factor in deletion
homozygotes interferes with induction of TAT mRNA by
glucocorticoids as well as by cAMP, particularly since these
two inducers are known to act by distinct mechanisms (14,
15). It thus appears that the regulatory factor absent from the
albino deletion homozygotes plays a fundamental role in the
basic expression as well as the hormonal modulation of this
gene. It may be analogous to the diffusible gene product of
rat hepatoma cells that is presumed to be responsible for the
activation of the mouse TAT structural gene in somatic cell
hybrids derived by fusion of rat hepatoma cells with deletion
homozygous liver cells (3).
The effects of the deletions in chromosome 7 of the mouse

provide a model system for the identification of regulatory
factors controlling sets of genes expressed in a cell-specific

manner, and for determining their genetic basis as well as
their role in cell differentiation.
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