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ABSTRACT  Murine embryonal carcinoma cells from line
PCC4.azalR differentiate readily in response to retinoic acid. By
treating PCC4.azalR cells with the mutagen N-methyl-N’-nitro-N-
nitrosoguanidine, we derived two embryonal carcinoma lines in
which tii cells failed to differentiate during exposure to retinoic
acid. Althot:ih these dif(RA)™ cells maintaine?o the tumorigenic
tential of the parental cells, they differentiated poorly in tumor
orm. Similarly, the tendency of dif(RA)™ cells to differentiate
when aggregated in vitro was diminished relative to that of
PCCA4.azalR cells. The rate of retinoic acid uptake in cells from the
two mutant lines did not appear to be reduced compared with the
rate in cells from the parental line; however, specitic cytoplasmic
retinoic acid-binding protein activity was virtually absent in both
mutants. These results strengthen the view that differentiation of
embryonal carcinoma cells in response to retinoic acid requires
formation of retinoic acid-cytoplasmic retinoic acid-binding pro-
tein complexes.

Several different embryonal carcinoma (EC) cell lines have
been isolated from teratocarcinomas. Cells from these lines will
differentiate to various degrees under conditions that promote
differentiation, such as culture at high density, formation of
multicellular aggregates, and tumor formation in suitable hosts
(1, 2). Strickland and Mahdavi (3) demonstrated that cells that
normally differentiate poorly under routine culture conditions
can be induced to differentiate at high frequencies upon expo-
sure to retinoic acid (RA). Subsequent studies suggested that
promotion of differentiation of EC cell lines by retinoids is a
general phenomenon (4, 5). RA can stimulate differentiation
even of EC cells that do not differentiate under any other con-
ditions tested (4).

Because retinoids act in a pleiotropic fashion (6) it is conceiv-
able that they promote differentiation of EC cells at any of a
number of different levels. However, it has been demonstrated
recently that EC cells from line PCC4.azalR have a cytoplasmic
binding protein for RA (cRABP) and that there is a correlation
between the ability of many naturally occurring and synthetic
retinoids to stimulate differentiation and their ability to com-
pete with RA for binding sites on the cRABP (7, 8). Accordingly,
it was proposed that the RA-cRABP complex is involved in the
differentiation of EC cells (7). To test this hypothesis, we have
tried to generate EC lines composed of cells that fail to differ-
entiate in response to RA and then to determine whether these
cells form RA—cRABP complexes. We have succeeded in gen-
erating two such lines by treating PCC4.azalR EC cells with
the mutagen N-methyl-N'-nitro-N-nitrosoguanidine (MNNG).
The characterization of these lines is presented below.
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MATERIALS AND METHODS

Materials. MNNG was purchased from Sigma. Dulbecco’s
modified Eagle’s medium (DME medium) was purchased from
GIBCO. Fetal calf serum was obtained from Microbiological
Associates (Bethesda, MD). All cultures were carried out in
plasticware obtained from Falcon or Corning. All-trans RA and
retinol were obtained from B. Pawson (Hoffmann-LaRoche).
[11,12-*H]RA (30.6 Ci/mmol; 1 Ci = 3.7 X 10 becquerels)
and [11,12-*H]retinol (8.6 Ci/mmol) were prepared by A. Lieb-
man and C. Perry (Hoffmann-LaRoche). Millipore filters (type
HAWP, 0.25 um) were obtained from Millipore. Hydrofluor
and LSC liquid scintillation cocktails were obtained from Na-
tional Diagnostics (Somerville, NJ) and Yorktown Research
(South Hackensack, NJ), respectively.

Cell Lines. PCC4.azal is an EC cell line (9) that fails to dif-
ferentiate under normal culture conditions but does give rise to
differentiated progeny in tumor form (9) or when grown as ag-
gregates in vitro (10). PCC4.azal cells die in the presence of RA
at concentrations above 0.1 uM (3, 4). PCC4.azalR cells, de-
rived from PCC4.azal cells (4), appear to be similar to the pa-
rental line except that they are tolerant to RA at concentrations
as high as 10 uM (4) and they do not differentiate as extensively
in tumor form (2). PCC4.azalR cells were mutagenized by ex-
posure to MNNG (3 pg/ml) in DME medium containing fetal
calf serum and enriched with extra glucose and glutamine (4) for
18 hr followed by plating at clonal density as described by Boon
etal. (11). Mutagenized cells were cloned in enriched DME me-
dium with or without 10 uM RA. Two lines, dif(RA)"1 and
dif(RA)~3, were obtained by cloning and subcloning cells in the
continuous presence of RA at 10 uM.

Analyses of Growth. Cells from exponentially growing cul-
tures were dislodged from dishes by a short incubation in cal-
cium- and magnesium-free phosphate-buffered saline (12) fol-
lowed by flushing with the same buffer, as described (10). Cells
were collected by low-speed centrifugation, resuspended in en-
riched DME medium, and plated in 5 ml vol in 60-mm tissue
culture dishes at a density of 10° cells per ml of medium. After
the indicated periods of incubation at 37°C, cells were collected
by trypsinization and counted with the aid of a hemocytometer.
Values given are means of triplicate determinations.

Tumor Analyses. Cells were collected and counted as de-
scribed in the previous section. One million cells were injected
subcutaneously into each of five adult male 129/SvS1 mice. Tu-
mors were removed when they reached a diameter of approxi-

Abbreviations: cRABP, cytoplasmic retinoic acid-binding protein; DME
medium, Dulbecco’s modified Eagle’s medium; EC, embryonal car-
cinoma; MNNG, N-methyl-N’-nitro-N-nitrosoguanidine; RA, retinoic
acid.
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mately 2 cm. After fixation in neutral buffered formalin, the tu-
mors were cut into pieces, blocked in paraffin, sectioned (4
pm), and stained with hematoxylin and eosin; sections repre-
senting six or more different levels throughout the tumor were
examined.

Formation and Analysis of Aggregates. Aggregates of EC
cells were prepared by culture in bacteriological dishes contain-
ing enriched DME medium as described (4, 10). After 3 or 10
days of aggregation, with medium changes every other day, ag-
gregates were collected (4, 10) and transferred to tissue culture
dishes containing enriched DME medium with or without 10
uM RA. Twenty-four hours later, aggregates were scored for
production and secretion of plasminogen activator by the fibrin-
agar procedure (13), all as described (4).

[*H]RA Uptake Studies. EC cells (5 X 10°) were plated in 60-
mm tissue culture dishes containing 5 ml of enriched DME me-
dium. Twenty-four hours later, [*H]RA (10° cpm; =10 nM) was
added to each dish. After appropriate periods of incubation, me-
dium was removed and cells were washed rapidly three times
with fresh medium, harvested by trypsinization, and collected
on a Millipore filter. Filters were washed twice with phosphate-
buffered saline, dried, and assayed for radioactivity in toluene-
based liquid scintillation fluid. Cell numbers were estimated by
counts made on accompanying cultures established and main-
tained in the same way as those used for uptake analyses except
that they were not exposed to [PH]RA.

Retinoid Binding Studies. Retinoid binding analyses were
adapted from the procedure described by Jetten and Jetten (7).
Cells growing in monolayer cultures were washed with phos-
phate-buffered saline, dislodged with a rubber policeman, and
collected by low-speed centrifugation. Cells were resuspended
in 10 mM Tris'HCI, pH 7.6/2 mM MgCly/7 mM 2-mercapto-
ethanol. After the cells were disrupted with a glass/Teflon hand
homogenizer, cytoplasmic extracts were obtained by centrifu-
gation at 105,000 X g for 60 min and stored frozen at —70°C
(multiple freezing and thawing of these extracts has been found
not to affect retinoid-binding activities). After the extracts were
thawed, 300-ul aliquots (=1 mg of protein) were incubated for
4 hr at 4°C with all-trans-[*H]RA (50 nM; 30.6 Ci/mmol) plus
a 200-fold molar excess of unlabeled retinol in the absence or
presence of unlabeled RA in 200-fold molar excess. Unbound
retinoids were removed by treatment with dextran-coated char-
coal (14) or by Sephadex G-25 column chromatography. Samples
were then subjected to centrifugation (Beckman SW50.1 rotor,
220,000 X g, 18 hr) in 5-20% sucrose gradients. Fractions were
collected, mixed with 8 ml of Hydrofluor, and assayed for ra-
dioactivity. Binding of retinol was carried out as described for
RA except that aliquots were incubated with 50 nM [*H]retinol
(8.6 Ci/mmol) with and without a 200-fold excess of unlabeled
retinol.

Labeled RA was stored at —70°C and used over a period of 4
months. Under these conditions, some conversion was ob-
served to a form that comigrated with cis RAs on high-pressure
liquid chromatography (C. Bugge, personal communication).
This conversion did not appear to affect specific binding to the
cRABP (ref. 7; unpublished data).

RESULTS

Under our conditions, cloning frequencies for PCC4.azalR cells
were greater than 90%. Treatment with MNNG under the reg-
imen used reduced cloning efficiency to approximately 35%.
The cloning frequency of PCC4.azalR cells in the presence of 10
uM RA was approximately 25%. After MNNG treatment and
subsequent exposure to RA, only 5% of the treated cells formed
clones. The majority of the clones that survived the combined
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Fig. 1. PCC4.azalR (A and B), dif(RA)"1 (C and D), and dif(RA)"3
(E and F) EC cells. (Left) Growing exponentially in enriched DME me-
dium. (Right) After culture for 6 weeks in the same medium supple-
mented with 10 uM RA.

treatment had cells with a non-EC, fibroblastic appearance.
These cells were similar to those normally observed when
PCC4.azalR cells are stimulated to differentiate with RA (2, 4)
(Fig. 1B). However, a small proportion of cells (estimated fre-
quency, 1:10°) formed clones containing at least some cells that
were EC-like in appearance. Cells from two of these clones
were passaged several times in the presence of 10 uM RA. In
each case, the majority of the cells had an EC-like appearance.
We then subcloned cells from each original clone in the pres-
ence of RA and thereby isolated lines that contained cells with
auniform EC appearance (Fig. 1). We have named these clonal
cell lines dif(RA)"1 and dif(RA)"3. Unlike the parental
PCC4.azalR cells, dif(RA)"1 and dif(RA)™3 maintained the
same appearance in the presence and absence of 10 uM RA, the
highest dose of the retinoid that EC cells can tolerate. dif(RA)~
cells, therefore, fail to differentiate overtly in response to RA.

Cells from the dif(RA) lines were highly tumorigenic when
injected into strain 129/SvS1 mice, as are parental PCC4.azalR
cells. In all cases, the subcutaneous injection of 10° cells led to
palpable tumors within 8—-12 days. PCC4.azalR cells gave rise
to tumors containing primarily EC cells, primitive neuroecto-
derm-like cells, and glandular epithelium. Tumors from dif(RA)"1
cells contained a minor primitive neuroectoderm-like compo-
nent whereas dif(RA)™3 cells produced apparently pure ECs
(unpublished observations).

In the absence of RA, PCC4.azalR, dif(RA)"1, and dif(RA)™3
cells had similar doubling times (approximately 8 hr; see Fig. 2).
Doubling times were slower in 10 uM RA in all cases: approx-
imate values were 12 hr for dif(RA) 1 cells, 14 hr for dif(RA)~3
cells, and 21 hr for PCC4.azalR cells. Aside from having the
slowest doubling time in RA-containing medium, the number of
PCC4.azalR cells leveled off after 55 hr, consistent with the
view that they were giving rise to slower-growing differentiated
derivatives.

It has been reported (4) that PCC4.azalR cells in monolayer
culture or after 2 days of aggregation did not secrete detectable
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FiG. 2. Growth curves for cells from EC cell lines PCC4.azalR (A),
dif(RA)"1(B), and dif (RA)~3 (C) in the absence (solid symbols) or pres-
ence (open symbols) of 10 uM RA.
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amounts of plasminogen activator. After several months of cul-
ture, some of the cells in this line have acquired low levels of
plasminogen activator activity even though they have remained
EC-like, an observation similar to that made on related
PCC4.azal cells by Topp et al. (15) and by Lo and Gilula (16).
In the current studies, when PCC4.azalR cells were aggregated
for 3 days and then transferred to tissue culture dishes for 1 day,
approximately 10% of the aggregates secreted detectable levels
of plasminogen activator (Table 1). This number was doubled
by increasing aggregation time to 10 days. Consistent with pre-
vious studies (4), almost all 3-day or 10-day aggregates produced
plasminogen activator if they were exposed to 10 uM RA after
aggregation. Unlike the parental cells, there was little increase,
if any, in the numbers of dif(RA)71 or dif(RA)™3 aggregates
secreting plasminogen activator either with increasing times of
aggregation or after exposure to RA. The “background” levels
of plasminogen activator secretion were substantially lower for
dif(RA)~3 than for the other two lines. We have never observed
cells with a non-EC appearance growing out from dif(RA)"1 or
dif(RA)~3 aggregates in the absence or presence of RA.

To determine whether the lack of response of dif(RA)™ cells
was due to the inability of these cells to take up RA, uptake stud-
ies were carried out with [*H]RA. There was a rapid association
of [*H]RA with cells during the first 5 min of incubation (Fig. 3).
This was followed by a more gradual rate of uptake of [*H]RA
from the medium. This pattern is typical of RA association with
other cell types (17). If anything, the uptake of [°H]RA from the
medium by dif(RA)" cells was greater than that by PCC4.azalR
cells.

To measure levels of cRABP in PCC4.azalR and dif(RA)~
cells, we incubated cytoplasmic extracts with [PHJRA with and

Table 1. Plasminogen activator secretion by EC cell aggregates

% aggregates secreting
plasminogen activator
after aggregation for
Cell line RA 3 days 10 days

PCC4.azalR - 9.2 21.5
+ 93.0 98.9
dif(RA)"1 - 8.1 6.8
+ 11.0 8.2
dif(RA)"3 - 0.6 3.9
+ 1.5 1.2

Aggregates were formed by culture of cells in bacteriological dishes
for either 3 or 10 days. Aggregates were then transferred to tissue cul-
ture dishes containing medium with or without 10 uM RA. After 24
hr, aggregates were assayed for 6 hr for plasminogen activator secre-
tion. Values are averaged from two independent experiments; at least
100 aggregates were scored for each treatment in each of the

experiments.
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Fic. 3. Uptake of [*H]JRA by EC cells. PCC4.azalR (0), dif(RA)"1
(), and dif(RA)~3 (0) EC cells were incubated with [*HJRA for the
times indicated and scored for uptake. Each point represents the mean
of triplicate determinations in two independent experiments. The sizes
of the EC cells in all three lines were approximately the same (cf. Fig.

1A,C,andE).

without a 200-fold excess of unlabeled RA. After removal of un-
bound [*H]RA, we centrifuged the extracts on sucrose density
gradients. Cytoplasmic extracts of PCC4.azalR cells bound
large amounts of [*H]RA in the 2S region of the gradient (Fig.
4A). On the other hand, cytoplasmic extracts from dif(RA)"1
cells (Fig. 4B) or dif(RA)~3 cells (Fig. 4C) failed to bind signif-
icant amounts of [*H]RA specifically—i.e., the amounts of
[*H]RA bound in the absence and presence of the 200-fold ex-
cess of unlabeled RA were similar. Identical results were ob-
tained when unbound [*H]RA was removed by Sephadex chro-
matography instead of adsorption with dextran-coated charcoal.
Micxing of dif(RA)™ cell cytoplasmic extracts with PCC4.azalR
extracts did not reduce the ability of the latter to bind [*H]RA
specifically. Membrane fraction preparations (18) from
PCC4.azalR and from dif(RA)~ cells failed to bind [*H]RA spe-
cifically. Finally, the addition of IgG to the extracts to stabilize
cRABP (19) did not increase the amount of [°H]RA bound in the
2S region by any of the cell extracts.

Because several cell types have a specific retinol-binding
protein that is different from the cRABP, we tested the same
extracts of PCC4.azalR, dif(RA)"1, and dif(RA)™3 cells for
their ability to bind [*H]retinol. Fig. 4 D-F illustrates that all
extracts bound [*H]retinol specifically although PCC4.azalR
extracts bound 2.4 to 3 times as much ligand as did dif (RA)™ ex-
tracts. A 200-fold excess of unlabeled RA did not diminish the
specific binding of [*H]retinol (not shown).

DISCUSSION

We have isolated two mutant cell lines, dif(RA)”1 and
dif(RA)~3, which retain their EC phenotype even after culture
for several weeks in medium containing 10 uM RA. Boon et al.
(11) first obtained dif ~ EC cell lines by mutagenizing PCC4.azal
cells; tumor analyses revealed that the ability of their mutant
cells to differentiate was substantially reduced but not elimi-
nated. Boon et al. (11) also described a class of tum™ EC mutants
that had limited tumorigenic potential. Both of the dif(RA)~
lines in the present study retain the rapid proliferation rate and
capacity for tumorigenesis characteristic of parental PCC4.azalR
cells. However, the ability of dif(RA)~ cells to differentiate in
tumor form is severely restricted in one line and possibly elim-
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Fic. 4. Binding of ["HIRA (Left) and [*Hlretinol (Right) by cyto-
plasmic extracts of EC cells. Cytoplasmic extracts from PCC4.azalR (A
and D), dif(RA)"1 (B and E), and dif(RA)~3 (C and F) cells were ex-
posed to [PHIRA without (e) or with (0) a 200-fold molar excess of un-
labeled RA or to [*Hlretinol without (@) or with (0) a 200-fold molar ex-
cess of unlabeled retinol. After incubation and removal of unbound *H
label, extracts were subjected to sucrose density gradient centrifuga-
tion and analyzed. The top of the gradients is at the left. The peak bind-
ing activity has been found to comigrate with a 2S myoglobin marker
(ref 7; unpublished data). Data are expressed in terms of cpm bound per
mg of cytoplasmic protein in the original incubation mixture.

inated in the other. Similarly, the effectiveness of aggregate for-
mation in stimulating differentiation, especially when com-
bined with exposure to RA, appears to be markedly diminished
in dif(RA)” cells as measured by plasminogen activator
production.

Uptake studies with [PH]JRA do not point to altered permea-
bility as the immediate cause of failure of dif(RA)™ cells to dif-
ferentiate in response to RA. However, although similar to RA
uptake studies performed by others (17), the studies carried out
do not discriminate between membrane-associated and cyto-
plasmic RA. It is conceivable that RA uptake into the cytoplasm
requires the presence of cRABP. In any event, comparisons of
RA uptake into the cytoplasm of dif(RA)™ and of PCC4.azalR
cells will be difficult because the absence of cRABP activity in
the former cells could influence the rates of exit of RA from, as
well as its entry into, the cytoplasmic compartment.

RA at 10 uM slows the proliferation rate of both normal and
mutant EC cells. This supports the view of Lotan et al. (20) that
modulation of growth rate by RA is not mediated through
cRABP. On the other hand, the lack of detectable levels of
cRABP activity in dif (RA)™ cells provides strong support for the
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proposal (7) that the complexing of RA to cRABP is an essential
step in the sequence of events leading to the RA-induced stim-
ulation of differentiation of EC cells. It is notable that cytoplas-
mic retinol-binding protein activity was not similarly eliminated
in dif(RA)" cells; this is not unexpected because retinol fails to
stimulate differentiation of EC cells (4, 7, 8). Although levels of
cytoplasmic retinol-binding protein or the affinity of the binding
protein for retinol were reduced in dif(RA)™ EC cells relative to
levels in PCC4.azalR cells, the values obtained were neverthe-
less within the range found for other EC cell lines which are ca-
pable of differentiating in response to RA and to other stimuli
(unpublished data).

Our data suggest that the lack of cRABP activity in dif (RA)~
cells not only interferes with their ability to respond to RA ex-
posure but also hampers their capacity for differentiation during
tumor formation or aggregation in vitro. These observations give
the impression that cRABP is universally involved in the differ-
entiation of EC cells. However, studies with other EC lines
might not support this view. For example, whereas cells from
lines such as PCC4.azalR and F9 differentiate extensively in
vitro only when exposed to RA (2-4), cells from other lines dif-
ferentiate readily in response to aggregation or continuous cul-
ture at high density in the absence of exogenous RA (2, 4). The
latter cells might have a greater propensity for differentiation
because they differ from the former cells by being capable of ef-
ficiently converting retinol in the serum to RA, by being able to
produce some other ligand for cRABP, or by having much higher
levels of cRABP. On the other hand, alternative pathways not
involving retinoids or cRABP might be operative in cells that
differentiate readily in the absence of exogenous RA.

We thank Dr. Peter McCue for assistance with tumor analyses and
Drs. McCue, A. Shatkin, and S. Shapiro for comments on the manu-
script.
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