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SUMMARY

We present pharmacological and genetic evidence that regulation of different genes by
glucocorticoid hormones in the rat hepatoma cell line, HTC, occurs in a coordinate
manner. We have analyzed the responses of four different glucocorticoid-inducible pro-
teins, tyrosine aminotransferase [L-tyrosine:2-oxoglutarate aminotransferase (EC
2.6.1.5)], glutamine synthetase [L-glutamate:ammonia ligase (EC 6.3.1.2)], a secreted
glycoprotein Belt I, and the mouse mammary tumor virus (MMTV)-encoded protein
(gp52) in these cells. The concentration of dexamethasone necessary for half-maximal
induction of each of these proteins is 10-20 nM, the same concentration necessary to half-
saturate glucocorticoid receptors. Furthermore, glucocorticoids of varying potency elicit
parallel inductions of these markers. MSN5.3, a glucocorticoid receptor-defective cell line
selected for its inability to induce gp52, is also unable to induce the other three cellular
gene products. In contrast, another class of variants incapable of gp52 induction retains
inducibility of the other three markers. We show here by “superinfection” with MMTV
that these cells harbor a defect in the original integrated provirus itself and not in the
cellular induction machinery. The results presented here suggest that the induction of
glucocorticoid-responsive genes in these cells is mediated by a single glucocorticoid

induction pathway.

INTRODUCTION

Steroid hormones probably exert most of their effects
by altering the rates of transcription of specific genes (for
reviews see refs. 1 and 2). The currently accepted two-
step model for steroid action, originally proposed by
Jensen et al. (3) and Gorski et al. (4), can be summarized
as follows: the hormone first binds to a soluble, cytoplas-
mic receptor protein that undergoes a structural altera-
tion (“activation”) followed by accumulation of the ste-
roid-receptor complex in the nucleus. Within the nucleus,
interaction of this complex with specific sites on DNA or
chromatin is presumed to be responsible for the observed
changes in gene expression. The exact nature of these
nuclear acceptor sites, however, remains obscure.

Within any particular cell type only a limited number
of genes is under the control of a given class of steroid
hormone. For example, glucocorticoid hormone treat-
ment of tissue culture cells derived from rat hepatomas
alters the rate of synthesis of only 10 or 12 out of more
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than 2000 proteins visible by 2-dimensional PAGE?® (5).
Similar observations have been made in studies of var-
ious cell types responsive to other classes of steroids (2).

We have recently used MMTV-infected HTC rat hep-
atoma cells to analyze the actions of glucocorticoid hor-
mones by genetic and molecular techniques. In previous
reports (6, 7) we demonstrated that cells selected for
their inability to induce gp52 in response to dexametha-
sone (a potent glucocorticoid) exhibit two classes of
defects. Variants derived from M1.19, a clone of MMTV-
infected HTC cells harboring multiple copies of the
MMTYV provirus, contain little or no glucocorticoid re-
ceptor (6). In contrast, nonresponsive variants derived
from J2.17, an HTC clone which contains only a single
MMTYV provirus, have normal receptors but appear to
be specifically defective in hormonal regulation of viral
gene expression (7). In addition to the viral gp52, HTC
cells contain several cellular gene products whose levels
are altered by glucocorticoid hormones. These include
the enzymes tyrosine aminotransferase [L-tyrosine:2-ox-
oglutarate aminotransferase (EC 2.6.1.5)] and glutamine

% The abbreviations used are: PAGE, polyacrylamide gel electropho-
resis; MMTYV, mouse mammary tumor viris; gp52, mouse mammary
tumor virus-encoded glycoprotein of M, 52,000; FACS, fluorescence-
activated cell sorter; DMEM, Dulbecco’s modified Eagle’s medium;
PBS, phosphate-buffered saline; SDS, sodium dodecyl sulfate; DMP,
6a,16a-dimethylprogesterone.
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synthetase [L-glutamate:ammonia ligase (EC 6.3.1.5)], as
well as a secreted glycoprotein known as Belt I, so-named
by Ivarie and O’Farrell (5) because it forms a series (or
belt) of spots on 2-dimensional gels; the function of this
protein is unknown. Detailed studies have not been re-
ported comparing the hormonal specificity and/or extent
of induction of these three proteins; thus, it is not clear
whether the same receptor pathway is used for induction
of these diverse gene products.

We have analyzed in greater detail the glucocorticoid
responsiveness of both viral and cellular gene products
in wild-type and variant HTC cells. Our results strongly
suggest that a single receptor mediates the induction of
the glucocorticoid-responsive genes in these cells; how-
ever, the absolute extent of induction varies among the
four markers we have studied. In addition, we present
evidence that one class of glucocorticoid-unresponsive
variants is defective at the level of the MMTYV provirus
itself and not in the cellular machinery required for
hormone action.

MATERIALS AND METHODS

Cell lines. All cell lines used were derived from the rat hepatoma
cell line, HTC (8), which was infected with MMTYV, giving rise to a
number of clonal cell lines containing different numbers of MMTV
proviral DNA copies (9). One resulting cell line, J2.17, which contains
one proviral copy of MMTV, was mutagenized with ethyl-methane
sulfonate as described (7), giving rise to a population of cells called JZ.
This cell population was then subcloned, giving rise to the cell line JZ.1.
The cell line JZN3.7 was selected from the JZ population using the
FACS as described (7) and exhibits little, if any, glucocorticoid-me-
diated gp52 induction. The glucocorticoid-unresponsive cell line,
MSNS5.3, was derived from another MMTV-infected HTC cell line,
M1.19, which contains approximately 10 proviral copies, as described
(6). MSC1 is a subpopulation of M1.19 cells exhibiting wild-type hor-
monal responsiveness.

Cell culture. Cells were grown in monolayer culture in DMEM
(Grand Island Biological Company, Grand Island, N. Y.) supplemented
with 5% newborn calf serum and 3% fetal calf serum (both from Irvine
Scientific, Santa Ana, Calif.) at 37° in 5% CO.. Cells were passaged by
removing cells from tissue culture dishes with PBS containing 2.5 mm
EDTA (pH 7.4) and plating them onto new tissue culture dishes at a
dilution of 1:6. After 1 day of growth and attachment to the dishes,
hormone was added to a concentration of 1 uM (from a 10 mm stock in
95% ethanol) for a period of 48 hr, unless otherwise noted. All hormones
were obtained from Sigma Chemical Company (St. Louis, Mo.).

Tyrosine aminotransferase assay. Tyrosine aminotransferase en-
zymatic activity was determined by a colorimetric assay essentially as
described by Diamondstone (10) which monitors the conversion of
tyrosine to p-hydroxyphenylpyruvate. About 10° cells were harvested,
washed once with PBS, and lysed in 250 ul of 0.25 M sucrose/10 mm
Tris (pH 7.4)/10 mM EDTA (pH 7.4) by subjecting them to three cycles
of freezing in liquid nitrogen and thawing in a 37° water bath. This
lysate was then centrifuged for 3 min in an Eppendorf Microfuge, and
the supernatant was used as the cell extract as described (10). The fold
induction was calculated by dividing the specific activity of tyrosine
aminotransferase in cells treated with hormone by the specific activity
of cells from parallel cultures without hormone treatment. Protein
content was determined by the procedure of Bradford (11).

Glutamine synthetase assay. Glutamine synthetase activity was
measured by the colorimetric assay described by Kulka et al. (12),
which monitors the formation of y-glutamylhydroxamic acid in the
presence of glutamine, ADP, and hydroxamic acid. Instead of filtering
the protein precipitate from the reaction products, the assay tubes were
centrifuged at 1500 X g in a Sorvall GLC2B centrifuge for 10 min and
the absorbance of the supernatant was measured. As with tyrosine

aminotransferase, fold induction indicates the quotient of the specific
activity of cells grown in the presence of hormone divided by the
specific activity of cells grown in the absence of hormone. Protein
content was measured by the method of Bradford (11).

Belt I assay. Belt I is a secreted glycoprotein produced by HTC
cells. It has been shown to be a glucocorticoid-inducible protein using
2-dimensional PAGE analysis (4). For routine assays of this protein, 2-
dimensional gel electrophoresis proved somewhat unwieldy. Since this
protein sticks tightly to tissue culture dishes, we have been able to
develop a simple 1-dimensional gel electrophoretic procedure to moni-
tor the synthesis of this product in HTC cells in culture. Cells were
grown in the presence or absence of hormone as described above for 48
hr. The medium was removed and the cells were washed three times
with PBS and once with DMEM (methionine-free). Cells were then
incubated for 1 hr in DMEM (methionine-free) containing [**S]methi-
onine (250 pCi/ml) (900-1500 Ci/mmole; Amersham) and the appro-
priate concentration of hormone. The labeling medium was then re-
moved, and the cells were washed three times with PBS (to remove as
much free [*S]methionine as possible) and removed from the plate
with PBS/2.5 mM EDTA (pH 7.4). The plates were washed vigorously
three or four times with PBS/EDTA (2.5 mM) and allowed to air-dry
for 15-20 min. The proteins that remained on the plate after this
treatment were removed by scraping with a rubber policeman into
SDS/PAGE sample buffer. An aliquot of this preparation was electro-
phoresed on a 10% denaturing polyacrylamide gel as described by
Laemmli (13). Typically, a 60-mm tissue culture dish of cells was
labeled with 0.75 ml of [**S]methionine-containing medium, and one-
fourth of the resulting preparation was loaded on the gel. The gel was
treated with salicylate as described (14), dried, and autoradiographed
overnight at —70° using Kodak XAR-5 film. Quantitation of Belt I was
done by scanning the gel lane with an optical densitometer (E. C.
Instruments) and measuring the area under the Belt I peak.

Superinfection with MMTV. Confluent cultures of GR mouse mam-
mary tumor cells were treated with 1 uM dexamethasone for 24 hr,
medium from these cultures was collected and clarified (1,500 X G for
10 min), and the virus was pelleted by ultracentrifugation (54,000 X g
for 1 hr). The virus pellet was resuspended in fresh medium at 5-10
times the original concentration; cells were infected as previously
described (9). Superinfected cultures were assayed for induction of gp52
after one or two passages (1-2 weeks after superinfection).

FACS analysis of gp52 induction. The amount of gp52 present on
the surface of cells was determined by analysis on the FACS after
binding rabbit antibody to gp52 (a gift from D. Robertson and H.
Varmus, University of California, San Francisco) and staining with
fluorescein-conjugated goat anti-rabbit immunoglobulin (Miles Labo-
ratories) as described previously (6). In the FACS, the fluorescence of
a single cell is measured in arbitrary logarithmic units. Ten thousand
cells were analyzed and the data were plotted as a histogram of the
fraction of total cells in gated windows of increasing fluorescence
intensity. Induction was measured in A units, which represents the
difference between the mean value (in arbitrary logarithmic units) of
cells grown in the presence and absence of 1 uM dexamethasone. We
cannot convert these A values in JZ.1 and JZN3.7 to a fold induction,
because the uninduced level is below the limit of sensitivity of the
assay. In the M class of cells, 100 arbitrary units represent at least 20-
fold induction.

RESULTS

Induction of tyrosine aminotransferase, glutamine
synthetase, and Belt I by glucocorticoids. JZ.1 is a clone
of mutagenized J2.17 cells (see Materials and Methods)
that exhibits glucocorticoid-inducible expression of sev-
eral proteins, including tyrosine aminotransferase, glu-
tamine synthetase, Belt I, and MMTV gp52. We have
found (data not shown) that glucocorticoid-induced ty-
rosine aminotransferase activity is maximal by 12 hr,
glutamine synthetase activity by 24-36 hr, and Belt I

2102 ‘9 JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio sjeuinofadse wieydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

PHARM

%

24 g
LI =
5 °
o Q
a 12+ ]
: 2
< st
-

| 1 | 1

c 40 9 -8 7 -6
DEXAMETHASONE (LogM)

Fi6. 1. Log-dose response curves of tyrosine aminotransferase
(TAT) and glutamine synthetase (GS) to dexamethasone in JZ.1 cells

Tyrosine aminotransferase and glutamine synthetase assays were
carried out as described under Materials and Methods. Tyrosine ami-
notransferase specific activity is expressed as nanomoles of p-hydrox-
ybenzaldehyde formed per minute per milligram of protein. Glutamine
synthetase specific activity is expressed as micromoles of y-glutamylhy-
droxamic acid formed per hour per microgram of protein. The tyrosine
aminotransferase data points represent means of three independent
experiments; the glutamine synthetase data are means of four inde-
pendent experiments. Protein content was determined by the method
of Bradford (11), using bovine y-globulin as standard.

synthesis by 6 hr. MMTYV accumulation has been shown
to be maximal by 16 hr (15). By making our measure-
ments 48 hr after the addition of hormone we are meas-
uring maximal levels of induction of all four markers. To
ascertain whether these proteins are induced in a coor-
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F1G6. 2. Log-dose response of Belt I to dexamethasone in JZ.1 cells
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dinate fashion, cells were exposed to concentrations of
dexamethasone ranging from 0.1 nM to 1 um for 48 hr.
The results of tyrosine aminotransferase and glutamine
synthetase assays of cells treated in this way are shown
in Fig. 1 and indicate that half-maximal induction of both
tyrosine amintotransferase and glutamine synthetase oc-
curs at approximately 20 nM dexamethasone. Moreover,
the log dose-response curves are virtually superimposable
for these two enzymatic activities. The induction of Belt
I was measured by PAGE of pulse-labeled proteins bound
tightly to tissue culture plates after removal of growing
cells. The results of such an experiment are shown in Fig.
2A; the band appearing in the 50-55 K, region of the gel
migrates at the position expected for known Belt I (5).
While there is some variability in the amounts of other
proteins in each lane, presumably arising from more or
less vigorous removal of cell debris, we have observed
very consistent recovery of Belt I in over 20 independent
experiments. Thus each lane was loaded with an amount
of plate-bound proteins recovered from equivalent num-
bers of cells. Quantitation of labeled Belt I was achieved
by optical densitometry of the autoradiogram, and the
area under the peak from each hormone concentration
was determined. These data, presented as a log dose-
response curve (Fig. 2B), indicate that half-maximal in-
duction of Belt I occurs at about 10 nM dexamethasone.
Since there is variability in the amounts of proteins in
bands near Belt I (e.g., Lane —6 versus Lane —7), optical
densitometry may not be quantitatively precise in the
measurement of Belt I. The data points at C, —8, and
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0 Cell induction and labeling with [*S]methionine were carried out as described under Materials and Methods. A. The gel was a 10% denaturing
Q_ polyacrylamide gel. The molecular weight markers, bovine serum albumin (67K) and chicken ovalbumin (45K), were run in a separate lane and
) stained with Coomassie brilliant blue in a methanol/acetic acid (10% v/v each) solution. After destaining, the gel was dried and autoradiographed
on Kodak XAR-5 film. Each lane represents 25% of the total labeled protein isolated from one 6-cm tissue culture dish. The last lane, labeled C,
m represents a control culture where no hormone was added. B. A graphic representation of the Belt I induction is shown. Each lane was scanned
with an optical densitometer, and the area under the Belt I peaks of the resulting tracing was cut out and weighed. Various exposures of this gel
were scanned to ensure that there was linearity of response and that saturation of the film had not occurred. The data are expressed as milligrams

under the peak.
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TABLE 1

Induction of tyrosine aminotransferase, glutamine synthetase, and

Belt I in JZ.1 cells with hormones of varying glucocorticoid potency

Assays were carried out as described under Materials and Methods.
Cells were incubated for 48 hr in the presence and absence of 1 uM of
each of the indicated hormones. Fold induction was determined by
dividing the enzymatic activity (tyrosine aminotransferase and gluta-
mine synthetase) or the amount of protein in the gel lane (Belt I) in
the presence of hormone by the amount in the absence of hormone.
The data for tyrosine aminotransferase and glutamine synthetase rep-
resent mean values + standard error measurements with the number
of experiments indicated in parentheses. The Belt I data represent one
determination each.

Hormone Tyrosine amino-  Glutamine Belt I
transferase synthetase
-fold induction -fold induction -fold induction
Progesterone 1.0, 1.6 (2) 0.9, 1.1 (2) 1.7
DMP 3.4 £ 0.6 (6) 2.1 £0.3(5) 2.7
Aldosterone 98 £ 2.1 (4) 44 + 1.1 (5) 6.5
Cortisol 21.5 £ 5.5 (4) 78 +£1.8(3) 15.6
Dexamethasone 24.5 + 4.5 (4) 83+ 18 (7) 10.1

—7 may be slightly disproportionately high for this rea-
son, but this will not make a large difference in the
determination of a half-maximal concentration. We have
shown previously that half-maximal induction of gp52
also occurs at 10-20 nM dexamethasone in MMTV-in-
fected HTC cells (5).

Samuels and Tomkins (16) have categorized different
steroid hormones with regard to their ability to induce
tyrosine aminotransferase in HT'C cells as optimal, sub-
optimal, or anti-inducers. We have analyzed the response
of JZ.1 cells to two hormones of the first class, dexa-
methasone and cortisol; two of the second class, aldoste-
rone and DMP; and one of the anti-inducer class, pro-
gesterone. Table 1 shows the results of glutamine syn-
thetase, tyrosine aminotransferase, and Belt I assays in
JZ.1 cells incubated for 48 hr in the presence of 1 um of
each of these hormones. Dexamethasone and cortisol
show maximal induction of each of these three markers.
Aldosterone and DMP exhibit partial induction of all
three markers, aldosterone induction being about 60%
that of dexamethasone induction, and DMP induction
being about 25-35% that of dexamethasone induction of

TABLE 2

Concentration of glucocorticoids needed to elicit half-maximal
induction of tyrosine aminotransferase and glutamine synthetase

Log dose-response curves were constructed for both glutamine syn-
thetase and tyrosine aminotransferase for each of these hormones as
shown in Fig. 1. Concentrations of up to 10 uM were administered, and
a plateau of induction was achieved in each case. The molar concentra-
tion necessary for half-maximal induction was determined graphically,
using a semilogarithmic plot for each, and is listed. The results represent
the mean + standard error measurements with the number of experi-
ments indicated in parentheses.

Hormone Tyrosine amino- Glutamine
transferase synthetase

Dexamethasone (nM) 18+ 5 (4) 12+ 3 (4)
Cortisol (uM) 0.1, 0.3 (2) 0.1,0.2 (2)
Aldosterone (um) 0.3, 0.5 (2) 0.4, 0.7 (2)
DMP (um) 0.5, 0.7 (2) 0.2, 0.5 (2)

these three markers. The anti-inducer, progesterone, ex-
hibits very little, if any, induction of any of these markers.
Similar results have been obtained by Young et al. (15)
for the induction of MMTYV RNA in a mouse mammary
tumor cell line.

The data in Table 1 represent experiments performed
with a single, high concentration of each hormone. We
also carried out dose-response studies of tyrosine ami-
notransferase and glutamine synthetase induction with
each of the partial inducers. The results of these experi-
ments, summarized in Table 2, confirm that these en-
zymes behave similarly in response to suboptimal as well
as optimal inducers.

Analysis of the glucocorticoid domain in variant HTC
cells. We have recently described the isolation of
MMTV-infected HTC cells (by selection in an FACS)
that are defective in their ability to induce viral gp52 in
response to dexamethasone (6). One class of variants
derived from the cell line M1.19, which contains about
10 copies of the MMTV provirus, exhibits markedly
decreased levels of glucocorticoid receptor. Earlier stud-
ies indicated that, in addition to the loss of gp52 induc-
ibility, these cells are unable to induce tyrosine amino-
transferase when treated with dexamethasone. We have
analyzed these cells in further detail and find that they
are also incapable of inducing glutamine synthetase or
Belt 1. Figure 3A shows the results of a Belt I assay in
which induction is obvious in MSC1 cells, a subpopula-
tion of the parental M1.19 cells, whereas little or no
induction is observed in MSN5.3 cells, a variant clone
described previously (6). There are two other proteins on
these gels that exhibit dexamethasone inducibility: one
migrates at M, = 47Kd and the other at M, = 35Kd. The
behavior of these two proteins seems to parallel that of
Belt I (see also Fig. 2A and Fig. 3B). We have not yet
identified these protein products, although the 35Kd
protein could be the protein called Belt II by Ivarie and
O’Farrell (5). Table 3 summarizes the results of tyrosine
aminotransferase, glutamine synthetase, Belt I, and gp52
assays, which demonstrate coordinate loss of glucocorti-
coid-inducible markers in these receptor-deficient cells.

A second class of nonresponding variants has been
identified using JZ, which contains a single MMTV pro-
virus, as the parental population (7). Several of the clonal
isolates from this selection demonstrated reduced or no
induction of gp52 with retention of tyrosine aminotrans-
ferase inducibility. In Table 3 and Fig. 3B we extend this
observation in variant clone JZN3.7 by demonstrating
that, although gp52 is not glucocorticoid-inducible, all
three cellular genes remain as responsive to the hormone
in this clone as in the normal parental population.

Superinfection of JZN3.7 with MMTYV. The results of
the studies described above suggest that the defect in
gp52 inducibility in JZN3.7 resides in the MMTV DNA
itself or in a cellular factor (e.g., a chromosomal acceptor
protein) that is specifically required for the hormonal
responsiveness of the viral genes. In order to distinguish
between these alternatives, JZN3.7 and JZ cells were
superinfected with MMTYV as described under Materials
and Methods. This introduces one or a few additional
copies of the MMTYV provirus inserted randomly into the
chromosomes of the recipient cells (17). If the defect in
JZN3.7 resides in the original copy of MMTV DNA (i.e.,
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Belt I assays were carried out on parental and variant cells as described under Materials and Methods and in Fig. 1. Each pair of lanes
represents the induction in one cell line. The left lane of each pair represents the plate proteins from control cells, and the right lane represents
plates of cells incubated in the presence of 1 um dexamethasone for 48 hr. Belt I assays of MSN5.3 and its parental cell line MSC1 are shown in

A. Assays of JZN3.7 and its parental cell line, JZ.1, are shown in B.

is cis-acting), then the newly introduced copies should
be responsive to hormone. Alternatively, if the defect is
in a cellular protein that acts upon MMTV DNA (i.e,, is
trans-acting), the newly acquired proviruses will also be
unable to respond to glucocorticoids. The results of such
an experiment, shown in Fig. 4, clearly demonstrate that

TABLE 3

Inductions of gp52, tyrosine aminotransferase, glutamine synthetase,
and Belt I in parental and nonresponsive cells

Tyrosine aminotransferase, glutamine synthetase, and Belt I assays
and inductions were determined as described under Materials and
Methods. The gp52 was analyzed in the FACS, where A represents the
difference of the mean value of fluorescence intensity of 10,000 cells in
the presence versus the absence of dexamethasone in arbitrary loga-
rithmic units of fluorescence (see Fig. 4) and does not reflect a fold

induction. The data are represented as the mean + standard error
measurements with the number of experiments indicated in parenthe-

ses. The Belt I data show the fold induction using optical densitometry
of an autoradiogram.

Cells  Tyrosine amino- gp52 Glutamine Belt I
transferase synthetase
-fold induction A -fold induction -fold induction
MSC1 48 £ 1.0 (5) 105 £ 7.2 (7) 2.7,35(2) 79 %12 (3)
MSN5.3 1.0 £ 0.1 (4) 8.8 + 2.1 (5) 0.9, 1.1 (2) 1.3+04(3)
JZ 10.6 £ 1.3 (16)  32.7 + 3.7 (15) 5.5, 8.5 (2) 87+ 16 (4)
JZN3.7 83+12(9) 64+ 1.1(15 64+06(4) 76x10(3)

the superinfected JZN3.7 cells exhibit glucocorticoid-in-
ducible gp52. Table 4 summarizes assays of both gp52
and tyrosine aminotransferase, which show that there is
no alteration in tyrosine aminotransferase inducibility in
the superinfected cells. Thus the incorporation of new
copies of MMTYV DNA into this type of glucocorticoid-
unresponsive cell line leads to restoration of gp52 induc-
tion. Similar experiments performed with MSN cells that
are defective in receptor do not, as one would expect,
restore gp52 inducibility (data not shown).

DISCUSSION

Coordinate regulation of the glucocorticoid domain.
We have described genetic and pharmacological experi-
ments whose results support the contention that a single
receptor type mediates the induction of all glucocorti-
coid-inducible gene products in HTC cells. Our conclu-
sion is based on the following observations. (a) The same
concentration of dexamethasone (10-20 nM) is required
to elicit half-maximal induction of four independent
markers (glutamine synthetase, tyrosine aminotrans-
ferase, Belt I, and MMTYV gp52); moreover, this is very
similar to the concentration of dexamethasone required
to half-saturate receptors (18). (b) MMTYV (15), as well
as the three cellular inducible genes, respond in a similar
fashion to optimal, suboptimal, and anti-inducers. (c)
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F1c. 4. Induction of gp52 in superinfected JZN3.7
Cell surface gp52 levels were determined in the FACS as previously
described (5). The data are presented as histograms of fluorescence
intensity on a logarithmic scale. The control level of fluorescence
(++--) and the dexamethasone-induced level (——) are depicted for
JZ.1 and JZN3.7 for their superinfected counterparts, JZ.1M and
JZN3. 7M.

Receptor-defective cells (6) selected for their inability to
induce the MMTYV glycoprotein, gp52, simultaneously
lose the capacity for inducing all three cellular gene
products.

Our results are in contrast to the findings of Thompson
et al. (19). In HTC variants defective in the induction of
tyrosine aminotransferase, this group found that the
ability of glucocorticoids to suppress phosphodiesterase
activity was also lost. Since all of the cells that they
analyzed originated from a single tyrosine aminotrans-
ferase non-inducer clone, it is possible that the original
clone had two defects similar to those seen in JZN3.7,
one in the tyrosine aminotransferase gene and one in the
phosphodiesterase gene. In this regard, we have isolated
a clone of JZN cells, JZN3.11(7), that is defective in the
induction of both gp52 and tyrosine aminotransferase,
yet maintains normal Belt I and glutamine synthetase

TABLE 4

Induction of gp52 and tyrosine aminotransferase in cells
superinfected with MMTV
Tyrosine aminotransferase and gp52 were analyzed as described
under Materials and Methods. Tyrosine aminotransferase is expressed
as the mean fold induction + standard error measurements with the
number of experiments indicated in parentheses. The gp52 induction is
expressed as A units as described in Table 3, under Materials and

Methods, and in Fig. 4. The superinfected cell lines are designated as
the starting cell line followed by an M.

Cells gp52 Tyrosine aminotransferase
A -fold induction
JZ.1 33 10.6 + 1.3 (16)
JZ.1M 57 10.1 £ 2.2 (3)
JZN3.7 6 83x+12(9
JZN3.TM 55 58 1.8 (3)

inducibility. We suspect that this is a double mutant
since (a) the loss of gp52 induction does not necessarily
lead to loss of tyrosine aminotransferase induction (as in
JZN3.7); (b) the glucocorticoid receptors from JZN3.11
do not differ from those of JZ in either number or affinity;
and (c) superinfection of this clone with MMTYV leads to
restoration of gp52 inducibility, but not tyrosine amino-
transferase inducibility.* These data support the sugges-
tion that a single receptor-mediated mechanism regulates
the glucocorticoid domain.

In the case of MMTYV, direct nucleic acid hybridization
studies have demonstrated that the effect of glucocorti-
coids is to increase the rate of synthesis of viral RNA
(20, 21). Until such time as cDNA probes become avail-
able for the glucocorticoid-inducible gene products of
HTC cells, we are unable to document whether the effect
of the hormone on these genes is truly at the transcrip-
tional level. In preliminary experiments we have recently
found that the mRNA coding for the acute phase protein,
ar-acid glycoprotein, is induced by dexamethasone in
HTC cells.® Thus it should now be possible to ascertain
whether this additional marker is regulated coordinately
with MMTYV at the transcriptional level.

In considering mechanisms by which the glucocorti-
coid-receptor complex activates specific genes, one must
take into account the fact that in a given cell line not all
inducible gene products are induced to the same extent.
For example, in the MSC1 cells described here, glutamine
synthetase is induced 3-fold, tyrosine aminotransferase
5-fold, Belt I 8-fold, and gp52 at least 20-fold. This may
reflect differences in the affinity of the steroid-receptor
complex for a regulatory region associated with each of
these genes or could possibly result from chromosomal
proteins or DNA modifications that alter the ability of
the steroid-receptor complex to activate transcription at
their respective promoters. Cloning and identification of
the hormone regulatory regions of genes such as tyrosine
aminotransferase, glutamine synthetase, and Belt I are
required to answer these questions.

Analysis of glucocorticoid response variants. A major
class of HTC cells defective in the ability to respond to
dexamethasone contains little or no functional glucocor-
ticoid receptor (6). Such cells, exemplified by clone
MSN5.3, may contain defects in the receptor protein
itself, in the regulation of receptor production, or perhaps
in receptor modification required for hormone binding.
For example, recent studies by Pratt and colleagues (22)
suggest that phosphorylation of the glucocorticoid recep-
tor may be an important factor in its function. Whatever
the defect may be, the lack of functional glucocorticoid
receptor results in cells unable to induce any of the four
gene products we have assayed. Although only one clone
of the receptor-defective class was analyzed here in detail,
12 other clones of this type simultaneously lose gp52 and
tyrosine aminotransferase inducibility (6). Several of
these have now been analyzed for inducibility of gluta-
mine synthetase and Belt I, and all exhibit the same
noninducible phenotype.

*J. R. Grove, J. L. Vannice, and G. M. Ringold, unpublished obser-
vations.

5J. L. Vannice, J. Taylor, and G. M. Ringold, manuscript in prepa-
ration.
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The cell line JZN3.7, in contrast to the receptor-defec-
tive cells, exhibits levels of induction of tyrosine amino-
transferase, glutamine synthetase, and Belt I nearly iden-
tical with those of its parental line JZ, yet is deficient in
induction of the MMTYV gp52. Our previous studies im-
plicate a defect in transcription of the MMTYV provirus
in JZN3.7 since no viral RNA could be detected in
hormone-treated cells (6). Here we have demonstrated
that MMTYV per se is capable of induction by glucocor-
ticoids in these cells since, after superinfection, gp52
levels markedly increase in response to hormone. The
defect in this class of nonresponsive variants, therefore,
most likely resides in the provirus itself and not in a
cellular component required for MMTYV induction. Pre-
liminary restriction endonuclease mapping of the viral
DNA in JZN3.7 (and related clones) has not revealed
any gross alterations in the structure of the viral DNA.®
Thus, it seems plausible that the defect in the hormone-
stimulated production of MMTYV gene products is the
result of a point mutation or a small deletion or insertion
in a viral DNA sequence required for the induction
mechanism; such a region could be a site for high-affinity
binding of the glucocorticoid-receptor complex. In this
regard, we have recently demonstrated that a gene fusion
between the promoter region of MMTYV and a cDNA of
dihydrofolate reductase exhibits glucocorticoid-respon-
sive production of dihydrofolate reductase in hamster
cells (23). The fragment bearing the hormone regulatory
region in these recombinant molecules contains approx-
imately 1200 nucleotides of MMTV DNA upstream of
the start of transcription; however, we do not yet know
the precise location of the regulatory signal within this
fragment. We are in the process of recovering the corre-
sponding DNA fragments from JZ and JZN3.7 cells by
molecular cloning in order to determine whether altera-
tions within this region of the viral DNA are responsible
for the nonresponsive phenotype observed in the variant
cells.

¢J. L. Vannice, J. R. Grove, and G. M. Ringold, unpublished obser-
vations.
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