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Genetic Evidence That the
Steroid-Regulated Trafficking of
Cell Surface Glycoproteins in Rat
Hepatoma Cells Is Mediated by
Glucocorticoid-Inducible

Cellular Components

Gary L. Firestone, Nancy J. John, Omar K. Haffar, and Paul W. Cook

Department of Physiology-Anatomy and Cancer Research Laboratory, University of
California at Berkeley, Berkeley, California 94720

The biological control of posttranslational maturation and compartmentalization
reactions that operate upon proteins during transport to their final cellular desti-
nations is crucial for normal cellular function. Using the expression of mouse
mammary tumor virus (MMTYV) glycoproteins as sensitive probes in the viral-
infected rat hepatoma cell line M1.54, we have discovered and documented a
novel glucocorticoid-regulated trafficking pathway that controls the cell surface
localization of MMTV glycoproteins. One complement-selected derivative of
M1.54 cells, CR4, failed to compartmentalize cell surface MMTV glycoproteins
in the presence of dexamethasone. To test genetically if this glycoprotein traffick-
ing pathway is mediated by cellular or viral gene products, CR4 cells were fused
with uninfected FuS rat hepatoma cells. Indirect immunofluorescence of CR4 X
Fu5 heterokaryons revealed that Fu5 complemented the defect in CR4 only after
exposure to 1 uM dexamethasone. The glucocorticoid inhibition of FuS prolifera-
tion was exploited to recover the receptor-deficient uninfected derivative EDR3
that expressed a 100-fold lower level of [3H]dexamethasone binding activity.
Analysis of CR4 X EDR3 cell fusions by indirect immunofluorescence revealed
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that EDR3 cells complemented CR4 in a dexamethasone-dependent manner,
suggesting that EDR3 supplied a functional trafficking component while CR4
provided a functional glucocorticoid receptor to the heterokaryons. Taken to-
gether, our results demonstrate that cellular-encoded glucocorticoid-inducible
components mediate the regulated trafficking of cell surface MMTV glycoproteins.

Key words: glycoprotein trafficking variant, mouse mammary tumor virus, heterokaryons,
glucocorticoid receptor deficient variant

Glucocorticoid hormones act via specific intracellular receptor proteins to elicit
a broad spectrum of characteristic responses in many types of target tissues and in in
vitro cultured cell lines [1-4]. Similar to other steroids, glucocorticoids bind to and
potentiate a functional change in its receptor which results in an increased DNA-
binding activity and a selective recognition of transcriptional enhancer elements linked
to promoters of regulated genes [4-10]. As a result of this apparent sequence specific-
ity, glucocorticoid receptor complexes can directly modulate the rate of RNA synthe-
sis which can account for certain glucocorticoid responses [1,4]. In most cases,
however, the precise molecular processes under hormonal control have not been fully
defined. Conceivably, these steroid responses may actually result from secondary or
“regulatory” effects in which steroids modulate the transcription of genes encoding
polypeptides whose function is to affect selectively the expression of other biologically
active gene products at transcriptional, posttranscriptional, translational, or posttrans-
lational levels. ‘

A biological advantage for such regulatory responses is the capability to rapidly
turn on or off many functionally related sets of gene products by altering the
expression of only a few steroid-regulated genes. Because of the number of potentially
regulatable reactions, a particularly intriguing question is whether steroid hormones
can selectively modulate posttranslational pathways. For example, proteins can be
processed by many types of modification reactions (such as glycosylation and phos-
phorylation) and can be transported through distinct routes into a variety of cellular
and extracellular compartments [11-18]. Evidence to support the steroid-regulated
control of posttranslational maturation and/or sorting of glycoproteins has been
generated in only a few systems. For example, in oviduct membranes, estrogen
regulates the level of specific glycosyl transferase activities which function to modify
glycoproteins [19]. Also, in macrophages, glucocorticoid hormones have been shown
to stimulate an increase in the level of mannose-6-phosphate receptors which control
the proper localization of certain hydrolysases into the lysosome {20]. In general,
most of the observed phenomena have not been amenable to detailed analysis owing
to the lack of experimentally accessible glycoprotein targets for the steroid-regulated
pathways.

We have been using the expression of mouse mammary tumor virus (MMTV)
glycoproteins in viral-infected rat hepatoma tissue culture (HTC) cells as sensitive
probes to explore a unique posttranslational glycoprotein trafficking circuit under the
control of glucocorticoid hormones. M1.54 cells are a clonal isolate of MMTV-
infected HTC cells containing ten integrated proviruses [21]. Treatment of these cells
with dexamethasone, a synthetic glucocorticoid, selectively stimulates the compart-
mentalization of three new cell surface glycoproteins (gp78, gp70, and gp32) and an
extracellular species (gp70) derived from a common glycosylated polyprotein (Pre™).
The major constitutive product is a 50,000-dalton (gpS0) extracellular glycoprotein
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which represents the aminoterminal two-thirds of the precursor [22-24]. Our recent
evidence has shown that this glucocorticoid-regulated trafficking process requires
receptor function and the de novo synthesis of components that appear to function in
the medial to trans Golgi {25,43]. Dexamethasone also increased the rate of MMTV
RNA synthesis and posttranslational processing of the phosphorylated precursor
polyprotein but did not qualitatively alter the structure or function of expressed viral
transcripts [22,26-29].

Using complement-mediated cytolysis, we have selected and characterized a
M1.54-derived variant (designated CR4) that is defective in the glucocorticoid-
regulated compartmentalization of cell surface MMTV glycoproteins [24,26]. Rela-
tively little is known about the cellular mechanism and function of this posttransla-
tional regulatory circuit. Of particular importance is whether cellular or viral sequences
encode the glucocorticoid regulated trafficking activity. Moreover, are variant CR4
cells defective in the expression of this pathway or is there a subtle lesion in its
glucocorticoid receptors? In a genetic approach to understand the molecular details of
this phenomenon, we have utilized CR4 cells and selected receptor-defective variants
from uninfected hepatoma cells to demonstrate that cellular encoded gene products
act in trans to mediate the glucocorticoid-dependent trafficking of MMTV glycopro-
teins to the cell surface.

MATERIALS AND METHODS
Materials

All media and sera used for tissue culture were purchased from the UCSF
Tissue Culture facility. L-[?3S]Methionine (1,000 Ci/mmol) was obtained from Amer-
sham Corp. (Arlington Heights, IL); dexamethasone, dimethyl sulfoxide, and poly-
lysine (type B-1, average molecular weight of 150,000) were purchased from Sigma
Chemical Company (St. Louis, MO); polyethylene glycol 1000 was obtained from
Koch Chemical Ltd. (Hartford Harts, England); Pansorbin was acquired from Calbio-
chem (La Jolla, CA); and Kodak X-ray film was purchased from Merry X-Ray
Chemical Corp. (Burlingame, CA). Rhodamine-conjugated goat antirabbit IgG was
obtained from Capell (Malvern, PA) and the MMTV and preimmune antisera [30]
used in this study were generous gifts of L.J.T. Young and R.D. Cardiff (Department
of Pathology, University of California, Davis). The Fu$ rat hepatoma cell line was a
gift of J.A. Peterson (John Muir Research Institute, Walnut Creek, CA). All other
reagents were of highest available purity.

Cells and Method of Culture

M1.54 is a cloned cell line isolated from MMTV-infected rat populations of
cultured hepatoma (HTC) cells and contains ten stably integrated MMTYV proviruses
[21]. Variant CR4 cells are a clonal derivative of M1.54 selected for its resistance to
anti-MMTV-antibody directed complement cytolysis [24,26]. Fu5 cells are derived
from the Reuber H35 hepatoma, and its origin and characteristics have been described
previously [31]. EDR3 cells are a single-cell-derived growth variant of FuS (see
below) that expressed less than 1% of its dexamethasone binding activity. FM7 is a
clonal cell line derived from an MMT V-infected population of FuS$ cells. The HTC-
derived cell lines were propagated as monolayers in Dulbecco’s modified Eagle’s
medium (DME) supplemented with 10% horse serum, while the Fu5-derived cell
lines were grown in monolayers in a 1:1 mixture of DME:F12 medium supplemented
with 10% fetal calf serum (Hyclone) on Falcon tissue culture plates. All cells were
cultured at 37°C in a humid atmosphere of air/CO, (95%:5%). Cells were radiola-
beled with [*>S]methionine in methionine-free medium supplemented with 0.5%
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dialyzed fetal calf serum. Cells were allowed to incubate 30 min in methionine-free
medium prior to addition of the radiolabel. Glucocorticoid-treated cells received
1 uM dexamethasone.

Selection of Fu5 Variants Defective in Glucocorticoid Responsive Growth
Inhibition

The FuS cell population was mutagenized with 900 pg/ml EMS for 48 hr.
Surviving cells (approximately 5-10%) were washed extensively with phosphate
buffered saline (PBS) and grown to confluency. This mutagenized population was
then repeatedly passaged from low to high density in the presence of 1 uM dexameth-
asone for 11 mo. Random dilution subclones were recovered, examined for their
ability to proliferate in the presence of dexamethasone, and screened for their inability
to bind [*H]dexamethasone as described previously [26]. One subclone with a partic-
ularly low level of hormone binding activity (denoted EDR3) was used for further
studies.

Scatchard Analysis of Glucocorticoid Binding Activity

Monolayer cultures were grown to 80% confluency, washed three times in PBS
at 4°C, and harvested by centrifugation at 600g for 5 min. Pelleted cells (0.5 ml)
were then disrupted by polytron homogenization in 3.5 ml of TEGBN(040 [10 mM
Tris-HCI (pH 8.1), 1 mM EDTA (pH 8.1), 1 mM B-mercaptoethanol, 100 pg/mi
bovine serum albumin, and 40 mM NaCl} at 4°C. Cell extracts were centrifuged at
10,000g for 15 min at 4°C. Aliquots (100 pl) of the supernatant fraction were then
incubated with several concentrations of [*H]dexamethasone ©, 1.25, 2.5, 5, 10, 20,
40, 80, 100, and 150 nM) in the presence or absence of 100 uM unlabeled dexameth-
asone and assayed for [°H]dexamethasone binding activity by a glass fiber filter assay
as described previously [32]. From the calculated free and experimentally determined
specifically bound levels of radiolabeled dexamethasone, a Scatchard plot of hormone
binding activity was constructed. Protein concentrations were determined by the
method of Lowry et al [33] using bovine serum albumin as a standard.

Recovery of MMTV-Infected Subclones of Fu5

Fu5 cell populations were infected with mouse mammary tumor virus (MMTYV)
by incubating subconfluent monolayers of Fu5 cells with medium from GR mouse
mammary carcinoma cells for 48 hr. Since the GR cells were cultured in the presence
of 100 nM dexamethasone to stimulate the production of MMTYV, RU 38486 (1 uM),
a potent glucocorticoid antagonist, was added during the infection period in order to
allow the Fu$ cell population to proliferate normally. This procedure was repeated
four times, and the infected cell population dilution subcloned. Individual cell colonies
expressing secreted MMTV glycoproteins were identified by a filter immunoassay
using anti-MMTYV antibodies as the primary antibodies as described previously [34].

Steady-State Incorporation of Radiolabeled Material

Cells were incubated in the presence or absence of 1 uM dexamethasone for 16
hr and subsequently radiolabeled with 30 xCi/ml [*>>S]methionine for 10 hr. Appro-
priate cultures contained dexamethasone throughout the radiolabeling period. The cell
monolayers were washed three times with PBS and prepared for immunoprecipita-
tions as described below.
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Cell Surface Immunoprecipitations

The expression of metabolically radiolabeled MMTYV polypeptides at the cell
surface was selectively examined by modifications of the method of Krangel et al
[35]. Briefly, washed monolayers of intact cells were incubated with 4 ul polyclonal
MMTYV antibodies or preimmune sera per 1 ml PBS at 4°C for 15 min. The cells
were washed once with medium containing 10% horse serum, three times with PBS,
and then harvested. Cells were detergent solubilized as described above and incubated
with fixed Staphylococcus aureus A (Staph A) for 5 min to immunoadsorb the surface-
associated viral proteins. After centrifugation, the immunoprecipitation was continued
on the Staph A-pelletable MMTV proteins to monitor the cell surface-associated
species, whereas the direct addition of anti-MMTYV antibodies to supernates (non-
Staph A-pelletable material) monitors the intracellular MMTYV proteins. Under these
conditions, only surface-associated MMTYV polypeptides are immunoadsorbed in the
Staph A-pelletable material, since p24, a known intracellular and highly immunogenic
MMTYV phosphoprotein, fails to be detected. The immunoprecipitated MMTYV pro-
teins from cell surface and intracellular fractions were electrophoretically fractionated
in SDS polyacrylamide gels as described below.

Immunoprecipitation and Electrophoretic Analysis of MMTV Proteins

Immunoprecipitations were carried out with either polyclonal anti-MMTYV gly-
coprotein antibodies or total anti-MMTYV antibodies using a highly sensitive Staph A-
immunoadsorption procedure that detects low-level proteins in the virtual absence of
nonspecific background [36,37]. MMTYV proteins bound to the final Staph A pellets
were electrophoretically fractionated in SDS polyacrylamide gels and analyzed by
fluorography as described previously [23,36,38].

Cell Fusions

Heterokaryons were produced by cell fusion in the presence of polyethylene
glycol (PEG) and dimethyl sulfoxide (DMSO) according to the method of Murname
and Painter [39]. For optimal heterokaryon formation, a 1:2 ratio of CR4:Fu$ or
EDR3 (2.5 x 10° cells:5 x 10° cells) was mixed together and added to 100-mm
tissue culture dishes (Corning). After a 6-hr incubation for cell attachment, cells were
fused by a 1-min treatment with 40% (wt/vol) solution of PEG dissolved in DME
containing 10% DMSO. Cells were washed four times with DME containing 10%
DMSO followed by three washes in DME alone. The cells were allowed to recover
in DME supplemented with 10% horse serum for 48 hr before further analysis.

Indirect Immunofiuorescence

Cells were transferred to polylysine-coated coverslips and cultured overnight in
the presence or absence of 1 uM dexamethasone, washed several times with PBS,
and fixed by incubating with 3.7% formaldehyde in PBS for 20 min at room
temperature. After washing extensively in PBS containing 10 mM glycine, the cells
were incubated with 1 ml PBS containing 80 ul of a 1:10 dilution of anti-MMTV
antibody and 100 ul of bovine serum albumin solution (50 mg/ml) for 30 min on ice.
The antibody solution was then aspirated off, the cultures washed several times in
PBS-glycine, and then incubated with 500 ul PBS containing 120 ul of a 1:100
dilution of rhodamine-conjugated goat antirabbit IgG. After 30 min on ice, the
coverslips were washed four times in PBS-glycine and then mounted on slides in 90%
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glycerol, 10% Tris-HC1 (100 mM), pH 7.5 {40]. Mounted slides were either examined
immediately by fluorescence microscopy or stored at —20°C before visualization.

RESULTS

Glucocorticoid-Regulated Compartmentalization of Cell Surface MMTV
Glycoproteins in Wild-Type M1.54 and Variant CR4 Cells

The glucocorticoid-regulated localization of cell surface MMTV glycoproteins
was compared in wild-type M1.54 and variant CR4 cells by direct plasma membrane
immunoprecipitation to distinguish metabolically labeled cell surface viral glycopro-
teins from immunoadsorbed intracellular species. [3°S]Methionine-labeled dexameth-
asone-induced and uninduced cells were incubated with anti-MMTV glycoprotein
antibodies, washed extensively, and detergent solubilized. To immunoprecipitate cell
surface-associated viral glycoproteins (denoted CS), fixed Staph A was added directly
to the cellular extracts and pelieted after a short incubation. A second aliquot of anti-
MMTYV glycoprotein antibodies was added to the supernates, and the intracellular
MMTYV glycoproteins (denoted IC) immunoprecipitated after a subsequent incubation
with Staph A. SDS-polyacrylamide gel electrophoresis of immunoadsorbed material
revealed that both M1.54 and CR4 cells competently synthesized intracellular MMTV
glycoproteins in the presence or absence of hormone (Fig. 1, lanes A and B vs. E and
F). However, MMTYV glycoproteins (in particular the polyprotein gp70) were trans-
ported to the cell surface in M1.54 cells only after exposure to dexamethasone (lane
C vs. D), while in CR4 cells gp70 fails to be compartmentalized to the cell surface in
a dexamethasone-regulated manner (lane G vs. H). For this particular experiment,
the cells were treated with the ionophore monensin to accumulate high levels of gp70
at its appropriate cellular location depending on the presence of hormone [25].

Indirect immunofluorescence of intact hormone-induced M1.54 and CR4 cells
further confirmed that M1.54 localized MMTYV glycoproteins to the cell surface while
CR4 cells were defective in this process. Dexamethasone-treated M1.54 displayed a
clearly visible fluorescent pattern indicative of cell surface viral antigens (Fig. 2a,b).
In contrast, a similar fluorescent pattern was not visible in hormone-induced CR4
(Fig. 2¢,d). We have shown previously that CR4 cells synthesize normal MMTV
transcripts and glycosylated precursor polyproteins, express wild-type levels of func-
tional glucocorticoid receptors, proliferate normally, and are not globally defective in
the expression of intracellular and cell surface glycoproteins, as well as total func-
tional mRNA [24,26].

Using this immunofluorescence assay, CR4 should provide a particularly useful
recipient cell line for cell fusions to test biological features of the glucocorticoid-
regulated pathway that mediate the trafficking of cell surface glycoproteins. Of
particular importance is whether the crucial glucocorticoid-inducible component is
viral or cellular encoded or if CR4 has a subtle defect in its receptor per se. To test
this notion, an appropriate CR4 fusion partner would be an uninfected, glucocorticoid
receptor-defective cell line derived from a glucocorticoid-responsive parent line that
has the potential to express cell surface viral antigens. However, the currently
available receptor-defective HTC cell lines contain stably integrated MMTV provi-
ruses and therefore another hepatoma line was used for these studies.
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Fig. 1. Glucocorticoid-regulated expression of cell surface and intracellular MMTYV glycoproteins.
Wild-type M1.54 and variant CR4 cells were treated in the presence or absence of 1 uM dexamethasone
for 16 hr and then radiolabeled with [>*S]methionine for 10 hr. Cell monolayers were extensively washed
and cell surface (lanes C,D,G,H; denoted CS) and intracellular (lanes A,B,E,F; denoted IC) MMTV
glycoproteins immunoprecipitated as described in the text. Immunoprecipitated proteins were then
electrophoretically fractionated in SDS-polyacrylamide gels and radioactive proteins visualized by
fluorography. Molecular weight standards are as follows: 3-galactosidase (120,000 M,), phosphorylase
b (97,000 M,), bovine serum albumin (68,000 M;), ovalbumin (43,000 M,), and carbonic anhydrase
(29,000 M,).

Isolation and Characterization of FuS Hepatoma-Derived Glucocorticoid
Receptor-Defective Cells

The Fu$ rat hepatoma cell line is relatively differentiated and highly glucocor-
ticoid responsive [31]. Immunoprecipitation of radiolabeled FuS revealed that this
cell line does not express MMTYV proteins and as expected failed to display a cell
surface immunofluorescent pattern using anti-MMTYV antibodies (Fig. 2e,f). To test
the potential to express cell surface MMTYV glycoproteins, populations of Fu5 cells
were infected with MMTYV. One of the stable subclones recovered from this infection
(FM7) was characterized for the production of MMTYV gene products. Dexametha-
sone-induced and uninduced FM7 as well as HTC-derived M1.54 cells (see above)
were radiolabeled with [>>S]methionine, and cellular and secreted MMTV proteins
were examined by immunoprecipitation. Electrophoretic analysis in SDS-polyacryl-
amide gels (Fig. 3) revealed that FM7 and M1.54 expressed a similar molecular
weight spectrum of cellular viral proteins in the presence of hormone including the
viral glycosylated polyproteins (gp78 and gp70) and maturation products (gpS0 and
gp32). One notable difference was the lack of secreted gp70 from FM7. Indirect
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Fig. 2. Immunofluorescence analysis of cell surface MMTV glycoproteins. Cells were plated onto
polylysine-coated coverslips, incubated with 1 M dexamethasone for 16 hr, fixed in formaldehyde, and
incubated sequentially with anti-MMTYV antibodies and rhodamine-conjugated goat antirabbit IgG as
described in the text. Populations of cells were examined by both phase (a,c,e,g,i) and fluorescence
(b,d,f,h,j) microscopy. The bar in panel i represents 30 um.
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Fig. 3. Glucocorticoid-regulated expression of cellular and secreted MMTYV proteins in viral-infected
cell lines. Dexamethasone-induced and uninduced MI1.54 and FM7 cells were radiolabeled with
(3*SImethionine for 10 hr and cellular (lanes A-E) and secreted (lanes F-J) fractions harvested.
Detergent-solubilized fractions were immunoprecipitated with either anti-MMTYV antibodies {lanes A-D
and F-I) or preimmune serum (lanes E and J) and immunoprecipitated material electrophoretically
fractionated in SDS-polyacrylamide gels. The radiolabeled proteins were visualized by fluorography.
The molecular weight standards are described in Figure 1.

immunofluorescence of hormone-induced FM7 (Fig. 2i,j) further revealed that Fu5-
derived cell lines localized MMTYV glycoproteins to the cell surface in the presence
of dexamethasone.

We have shown that treatment with glucocorticoid hormones caused an inhibi-
tion of FuS proliferation rate that resulted in a lower saturation density [41]. This
hormone-responsive growth property provided a selective strategy, unrelated to the
expression of MMTYV gene products, which allowed the recovery of receptor-defec-
tive Fu5 derivatives. Briefly, ethyl methanesulfonate (EMS) mutagenized, uninfected
Fu5 cells were cultured continuously in 1 uM dexamethasone for 11 mo; cells were
always passaged from low to high density to enrich for cell populations that prolifer-
ated in the presence of dexamethasone at high cell densities. Using this procedure,
several variant subclones resistant to the growth-inhibitory effects of dexamethasone
were recovered. Scatchard plot analysis of one such subclone, EDR3, revealed that
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this cell line had a 100-fold reduction in the level of [*H]dexamethasone binding
activity (Fig. 4). This cell line also proved to be functionally defective since several
glucocorticoid-mediated responses, such as tyrosine aminotransferase, alpha;-acid
glycoprotein, and glutamine synthetase were not induced in EDR3 (data not shown)
while dot-blot analysis using a cloned rat glucocorticoid receptor cDNA probe
revealed that EDR3 expressed approximately 1% wild-type levels of receptor tran-
scripts [41]. Furthermore, as expected, indirect immunofluorescence revealed that
hormone-induced EDR3 did not express cell surface MMTV glycoproteins (Fig.
2g,h) since this variant was derived from uninfected Fu5 cell populations. RNA dot
blots and immunoprecipitations also confirmed the lack of expressed viral gene
products in this cell line (data not shown).

It is important to point out that EDR3 is a stable mutant. This cell line has
retained its glucocorticoid-unresponsive phenotype after 6 mo in continous cuiture,
and therefore has a particularly low spontaneous reversion frequency. In fact, we
have recently demonstrated that only by transfection of cloned glucocorticoid receptor
DNA back into EDR3 do we detect wild-type [*H]dexamethasone binding properties,
receptor transcripts, and glucocorticoid-regulated growth inhibition [41]. Thus, re-
sults described in the following cell fusion experiments are not due to spontaneous
reversion of the mutant cell lines.
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Fig. 4. Scatchard plot analysis of dexamethasone binding activity in Fu5 and EDR3 cells. Cell extracts
were incubated with 0, 1.25, §, 10, 20, 40, 80, 100, and 150 nM [3H]dexamethasone in the presence or
absence of 100 uM dexamethasone and assayed for [’H]dexamethasone binding activity as described in
the text. From the calculated free and experimentally determined specific bound levels of
[*H]dexamethasone, a Scatchard plot of hormone binding activity was constructed. The insert shows the
EDR3 Scatchard plot on a magnified scale.
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Cell Fusions Using the MMTV Glycoprotein Trafficking Variant CR4

Transient heterokaryons were formed by PEG-mediated fusions of CR4 and
either receptor-containing uninfected FuS or receptor-defective uninfected EDR3
cells. Fused cells were cultured in the presence or absence of 1 uM dexamethasone
for 12 hr, and fixed cells incubated sequentially with anti-MMTYV antibodies and
rhodamine-conjugated goat antirabbit IgG. Both FuS and EDR3 complemented the
glycoprotein trafficking variant (CR4) in a glucocorticoid-dependent fashion (Fig. 5).
As shown, dexamethasone-induced heterokaryons (CR4 X FuS5; CR4 X EDR3)
displayed an immunofluorescent pattern indicative of the presence of cell surface
MMTV glycoproteins (Fig. 5d,h), whereas uninduced heterokaryons failed to show
any cell surface immunofluorescence (Fig. 5b,f). It is important to point out that
MMTV-directed immunofluorescence was not observed in homologous fusions of
either CR4, FuS, or EDR3 (data not shown).

Quantitation of 300 heterokaryons revealed that 29% of CR4 X FuS fusions
and 18% of CR4 X EDR3 fusions were positive for cell surface immunofluorescence
in the presence of hormone. These complementation efficiencies represented a signif-
icant fraction of fused cells. However, the 1:2 (CR4:FuS; CR4:EDR3) fusion ratio
used for complementation may not have been optimal, and it was difficult to control
the number of nuclei per heterokaryon and the level of homologous fusions. In any
case, the presence of significant numbers of fluorescence-positive heterokaryons
demonstrated that the glycoprotein-sorting defect in CR4 cells can be complemented
by uninfected hepatoma cells only in the presence of dexamethasone. Thus, cellular-
encoded gene products under control of glucocorticoid hormones mediate the regu-
lated trafficking of cell surface glycoproteins in hepatoma cells. Moreover, the CR4
x EDR3 further demonstrated that CR4 does not contain a subtle lesion in its

— DEX + DEX
—- Y A N

IMMUNOFLUORESCENGCE PHASE IMMUNOFLUORESCENCE

HETEROKARYONS

Fu5 x CR4

EDR3 x CR4

Fig. 5. Glucocorticoid-regulated expression of cell surface MMTYV glycoproteins in heterokaryons.
Variant CR4 cells were fused with either uninfected FuS (a-d) or receptor-defective uninfected EDR3
(e-h) cells and treated in the presence (c,d,g,h) or absence (a,b,e.f) of 1 uM dexamethasone for 16 hr.
The cells were then fixed in formaldehyde and analyzed for the expression of cell surface MMTV
glycoproteins by indirect immunofluorescence as described in the text. Cells were visualized by phase
(a,c,e,g) and fluorescence (b,d,f,h) microscopy. The bar in panel e represents 30 um.
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receptor, since, in this case, EDR3 supplied a functional glycoprotein trafficking
gene, while CR4 supplied a functional glucocorticoid receptor to the heterokaryon.

DISCUSSION

The posttranslational sorting and maturation of cell surface-associated MMTV
glycoproteins are dependent upon an array of host cell components. Viral substrates
therefore provide sensitive and perhaps general probes to assess mechanisms directing
the trafficking of cellular glycoproteins. In MMTV-infected rat hepatoma cells, the
localization of MMTYV glycoproteins from an intracellular compartment to the cell
surface is observed only after exposure to glucocorticoid hormones such as dexameth-
asone [22,24-26]. Given current concepts of glucocorticoid hormone action [1,4],
one likely mechanism by which dexamethasone can alter glycoprotein compartmen-
talization is by stimulating the de novo synthesis of cellular components which
function at a specific site within a regulated posttranslational trafficking pathway. To
test this notion genetically, a series of heterokaryons were formed using a previously
characterized trafficking variant (CR4) defective in the glucocorticoid-regulated lo-
calization of cell surface MMTYV glycoproteins. Importantly, indirect cell surface
immunofluorescence revealed that both uninfected Fu5 hepatoma cells as well as an
uninfected FuS-derived glucocorticoid receptor defective variant (EDR3) comple-
mented the defect in CR4 only in the presence of dexamethasone. These results
demonstrated that the glucocorticoid-regulated compartmentalization of cell surface
MMTYV glucoproteins is mediated by cellular encoded genetic elements whose gene
products act in trans on MMTYV glycoprotein substrates. Furthermore, CR4 cells do
not have a subtle defect in their glucocorticoid receptor but rather are unable to
express a functional glycoprotein trafficking gene (or genes) in a steroid-regulated
manner.

The uninfected FuS rat hepatoma cell line was used for the heterokaryon studies
because of the capability to select receptor defective variants by selection procedures
unrelated to MMTV gene expression. In this case, variants were readily recovered
by their ability to proliferate rapidly in the presence of 1 uM dexamethasone; wild-
type FuS populations reach quiescence at a lower saturation density in the presence
of hormone. Although Fu5 are a more differentiated hepatoma cell line than HTC
cells (from which M1.54 and CR4 were derived), analysis of expressed viral glyco-
proteins in MMTV-infected subclones demonstrated that FuS-derived cells produce
cell surface MMTYV glycoproteins only in the presence of glucocorticoids. Comple-
mentation of CR4 was therefore accomplished by the functional expression of the
steroid-regulated compartmentalization pathway in both FuS and EDR3 cells. In this
latter fusion, EDR3 supplied a functional trafficking gene, while CR4 supplied a
functional glucocorticoid receptor, thus establishing a minimal requirement for two
genetically defined complementation groups or genetic elements whose function are
needed for the regulated expression of cell surface MMTYV glycoproteins.

Uninfected HTC cells can also complement CR4 in a glucocorticoid dependent
manner, while exposure to inhibitors of RNA and protein synthesis prevented the
glucocorticoid-regulated expression of cell surface MMTV glycoproteins in the het-
erokaryons [42]. The need for a glucocorticoid-inducible de novo synthesized com-
ponent is consistent with our previous biochemical studies [25] and suggests that the
trafficking gene(s) may be a primary-steroid-regulatable genetic element. Thus, two
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developmentally distinct hepatoma cell types express gene products that mediate a
glucocorticoid-regulated glycoprotein trafficking pathway. Our recent studies have
also shown that isolated normal rat hepatocytes complemented CR4 in a glucocorti-
coid-dependent manner, demonstrating that the regulated compartmentalization of cell
surface glycoproteins is also expressed as part of the glucocorticoid-responsive do-
main of fully differentiated nontumorigenic tissues.

The role of a regulated trafficking pathway in normal liver function and/or
development remains obscure, although regulation of entry into and through cellular
sorting routes is crucial for localizing biologically active glycoproteins to their proper
site of function in a precisely matured form. Vesicle- or organelle-associated “sorting
receptors” have been postulated to bind, and help segregate selectively appropriate
glycoprotein substrates during their intracellular transit [14-18,20]. Conceivably,
glucocorticoids might induce cellular components which either functionally modify
glycoprotein substrates such that they acquire a specific sorting signal or induce
unique sorting receptors. In this regard, our recent cell fractionation experiments
have shown that CR4 fails to express several nonviral membrane-associated proteins
(most notably a 120,000 species) that cofractionate with intracellular Golgi mem-
branes (D.A. Bravo and G.L. Firestone, unpublished). Moreover, the MMTYV gly-
coproteins are inefficiently galactosylated in either uninduced wild-type M1.54 or
hormone-induced variant CR4 cells which together indicates that a glucocorticoid-
regulated branchpeint in glycoprotein trafficking exists in the Golgi [43]. Through
further analysis of CR4, and by isolation and characterization the glucocorticoid-
regulated gene products that mediate the compartmentalization of cell surface glyco-
proteins, it should be possible to delineate the biological significance of this unique
steroid-modulated regulatory phenomenon.
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