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ABSTRACT

We have examined the effects of dietary retinoids upon the growth
and differentiation of seven embryonal carcinoma lines in mice. The
control diet contained 4000 lU/mg retinyl palmitate; the other diets
contained 2 x 10* lU/mg retinyl palmitate, 50 mg/kg all-frani-retinoic
acid (RA), 100 mg/kg RA, and no retinoid. The RA-containing diets had
little influence on tumor latency or incidence but did suppress growth of
many of the tumors. Decreased tumor mass was, in most but not all
instances, accompanied by an increased proportion of differentiated cells.
Increased differentiation was most commonly quantitative rather than
qualitative; i.e., there was a larger proportion of the same types of
differentiated cells seen in tumors from the control diet group rather than
an increase in the spectrum of cell types observed. Notably, tumors from
two differentiation-defective embryonal carcinoma lines were refractory
to both the differentiation-inducing and growth-suppressing properties of
dietary RA. Taken together, our results suggest that dietary RA can
reduce teratocarcinoma growth in part by promoting differentiation but
that other mechanisms are likely to be involved. The therapeutic benefits
that we observed with dietary RA were compromised by adverse effects,
including failure of the mice to gain weight as effectively as those on the
control diet.

The effects of elevated levels of retinyl palmitate, or its omission from
the diet, were much less striking than that of RA. Both modifications
tended to decrease tumor latency but had little effect, if any, upon ultimate
tumor mass. Elimination of retinoid from the diet failed to significantly
reduce degree of differentiation in tumors which normally differentiate
extensively in animals on retinoid-containing diets. Excess retinyl pal
mitate led to a marginal increase in differentiation in F9 tumors and a
statistically significant increase in differentiation in OC1S-S1 tumors.
Tumors from other embryonal carcinoma lines did not contain elevated
levels of differentiated cells. The interpretation of these results is com
plicated by our observations that although our dietary alteration in levels
of palmitate were dramatic, they resulted in much more modest differ
ences in circulating retinoid levels when compared with mice on the
control diet.

INTRODUCTION

When cultured EC6 cells are treated with retinoids, they

commonly differentiate to cells which grow more slowly,
achieve lower final densities (e.g., Ref. l), and unlike EC
parental cells generally fail to grow when reseeded at clonal
density or in semisolid medium (2). The implication from these
studies is that EC cells usually differentiate to nontransformed
derivatives. From early work with experimental and sponta-
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neous murine teratocarcinomas, the conclusion has been drawn
that the differentiated cells within the tumors were benign (3).
Two types of experiments have bridged these in vivo and in
vitro studies. Sherman et al. (4) reported that following long-
term treatment of EC cultures with RA, injection of resultant
cells into syngeneic mice led to reduced tumor incidence com
pared with that observed with untreated EC cells; and, when
compared with tumors in untreated mice, tumors in mice fed
dietary RA (5) or given injections of RA plus dimethylacetamide
in situ (6) were smaller and contained a higher proportion of
differentiated cell types. Taken together, the data lead to the
impression that the tumorigenic properties of EC cells can be
suppressed when the cells are induced to differentiate in vivo or
in vitro. This view is not, however, absolute, since tumor inci
dence is often not completely eliminated following induction of
differentiation of EC cells in vitro (4) and some of the differ
entiated derivatives of EC cells can apparently ultimately be
come tumorigenic (7, 8).

In the present study we have attempted to broaden our
knowledge about the effects of retinoids upon differentiation
and growth of teratocarcinomas. In their studies, Strickland
and Sawey (5) and Speers (6) each looked at the response to
retinoids of tumor cells from a single EC line; we have chosen
for investigation seven EC lines which differ markedly in their
ability to differentiate in response to retinoids in vitro and under
normal dietary conditions in vivo. We have also compared the
effects on teratocarcinoma growth and differentiation of RA
versus retinol (added to the diet as retinyl palmitate). The latter
retinoid, although substantially less potent than RA in vitro,
can promote differentiation of some EC cells (9). On the other
hand, the circulating levels of retinol are orders of magnitude
greater than those of RA, raising the possibility that circulating
retinol normally influences the extent of differentiation of cells
comprising teratocarcinomas. Finally, we have attempted to
test the possibility that retinol and/or other circulating retinoids
are directly responsible for EC cell differentiation in vivo by
placing mice on a diet lacking retinoids; if this hypothesis is
correct, we would expect under these dietary conditions that
teratocarcinomas would contain little or no evidence of differ
entiated cell types.

MATERIALS AND METHODS

Mice and Diets. We used for these experiments 129Sv/SL/J mice
from a breeding colony at the Roche Institute. Experimental groups
were set up to be matched for age and sex. For the retinoid-deficient
experimental group, mothers were placed on a diet lacking retinoids
(see below) within a day from parturition. After weaning (approximately
4 weeks), offspring were maintained on the same diets. Mice in the
other experimental groups were placed on appropriate diets 5 to 7 days
before being inoculated with EC cells and were maintained on the same
diets until termination of the experiments. Mice were inoculated with
EC cells at 5 to 7 weeks of age.

Diets were prepared in pellet form by Bioserv (Frenchtown, NJ).
The basal diet was Rat Diet W (Bioserv), either lacking retinoids
(referred to as 0 Ret) or supplemented with 4,000 or 200,000 lU/kg
retinyl palmitate (denoted RP4000 and RP2 x IO5, respectively), or
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DIETARY RETINOID EFFECTS ON TERATOCARCINOMAS

with 50 or 100 mg/kg ali-/rani-RA (denoted RA50 and RA100, respec
tively). Feeding was ad libitum. The retinoid content of the RP2 x 10s
diet is 50-fold in excess of that in the control diet and one-third higher
than that reported to generate resistance to transplantable tumors in
mice (10). The RA dosages used were as reported by Strickland and
Sawey (5).

EC Lines and Inoculation. Cells from seven EC lines (including two
sublines of the F9 line) were tested. The sources and published prop
erties of these lines, with respect to differentiation in culture and in
mice, are listed in Table 1. Cells were prepared for inoculation by
trypsinization, washing, resuspension in phosphate-buffered saline,
counting, and s.c. injection of the indicated numbers of cells in volumes
less than 0.25 ml.

Circulating Levels of Serum Retinol. On the day of tumor collection,
usually 14 to 28 days from the time of inoculation, blood was obtained
by decapitation and heparinized. A measured amount of the arotinoid
Ro 13-7410 (11) was added as a standard and recovery marker and
retinoids were extracted from sera by the procedure of McLean et al.
(12) and analyzed by high performance liquid chromatography (13).

Tumor Analyses. Mice were palpated and inspected for symptoms of
hypervitaminosis A at least four times per week following inoculation
of EC cells, and the earliest date of tumor detection was recorded.
When the majority of tumors in the control diet group had an external
diameter of >1 cm (usually 14-28 days from time of inoculation), the
mice were killed and animal and tumor weights were recorded. Tumors
were coarsely sliced and fixed with neutral buffered formalin. Vials
containing tumors were coded and subjected to histolÃ³gica! analysis.
Depending upon size, fixed tumor tissue was cut into two to three
blocks, paraffin embedded, and sectioned at 4 /im. Standard hematox-
ylin and eosin preparations were examined at three levels. Tumors were
evaluated morphologically for content of differentiated and undiffer-
entiated cells and for maturity of the differentiated derivatives. Scores
were assigned separately for the relative abundance or incidence of
differentiated cell types and for their maturity (i.e., ranging from poorly
to fully differentiated morphology). The scoring range was from 0 to 4
for both incidence and maturity. All slides were evaluated prior to
decoding and internal repeats were added on occasion to ensure repro-
ducibility.

In order to compile data for tabular presentations, we assigned a
score for each tissue type in each tumor by multiplying the incidence
score by the maturity score. Thus, e.g., a tumor containing a low
incidence (score of 1.0) of well-differentiated (score of 3.0) cartilage
would be assigned a score of 1.0 x 3.0 = 3.0 for that cell type. The
tabulated score for cartilage would be the average of these scores for all
of the tumors in a treatment group. The overall "differentiation index"

is the sum of average scores of non-EC cell types for tumors within a
treatment group.

Statistical Analyses. In order to assess the statistical significance in
tumor growth or differentiation indices between the RP4000 dietary
group and the other groups, the values obtained were submitted to
Student's t test.

RESULTS

Dietary Retinoid Effects on Circulating Levels, General Ap
pearance, and Body Weight. Analyses of plasma samples taken

at time of sacrifice revealed that circulating retino! in mice
deprived of dietary retinoids was, on the average, 49% that of
animals on the control (RP4000) diet. Mice on the RP2 X IO5

diet had levels of plasma retino! which averaged 75% higher
than that of controls (data not shown).

Table 2 illustrates that mice on the retinoid-deficient diet for
8 to 10 weeks showed no discernible differences in weight when
compared with mice on the control diet. The same was true for
mice placed on the RP2 x 10s diet 1 week prior to injection of

EC cells and maintained on that diet until tumor collection up
to 60 days later. By contrast, growth of mice fed retinoic acid
was significantly retarded, apparently in a dose-dependent man
ner. Females seemed to be marginally less affected than males
(Table 2).

In terms of general appearance, there was evidence of overt
abnormalities only in mice on the diets containing retinoic acid.
Mice on the RA100 diet appeared to be ungroomed, showed
evidence of hair loss, and in several instances suffered fractured
limbs, all of which are symptoms of hypervitaminosis A. Mice
on the RA50 diet suffered from the same symptoms but to a
much lesser degree.

Dietary Retinoid Effects on Tumor Incidence and Time of
Tumor Appearance. Preliminary experiments were carried out
to determine the size of cell inoculum required to give rise to
tumors 1 to 2 cm in diameter in most or all mice on a normal
retinoid diet within 20 to 30 days. This criterion was satisfied
with 10s to IO6 cells, the inoculum range used in the experi

ments described. As illustrated in Table 3, there was no obvious
effect of inoculum size on tumor incidence within the range
utilized; data from different inoculum sizes are therefore
pooled. In only three groups was tumor incidence less than
70%, two groups on the RA100 diet (OC15-S1 cells, experi
ments 1 and 2) and the control group given injections of Nulli
(RA)~1 cells. We have no obvious explanation for the low tumor

incidence in the latter group.
The time of tumor appearance was evaluated by palpation.

Tumor latency was quite variable depending upon the EC line
used for inoculation. For example, whereas 15 days or more
were usually required for the production of palpable masses in
50% of mice following injection of IO6 OC15-S1 cells, tumors
were commonly detected in less than 10 days in one-half of the
mice given injections of only IO5 Nulli-SCCl or F9 cells.

Although differences in tumor latency in animals given injec
tions of cells from the same EC line were variable and often
small, as Table 4 illustrates, tumors were invariably detected
earlier in mice on the 0 Ret diet, as compared to the RP4000
diet. Surprisingly, the time at which one-half of the animals on
the RP2 x IO5 diet presented with palpable masses was also
most often earlier than RP4000-fed mice, by an average of 3.5

Table 1 Differentiation of embryonal carcinoma celts in vivo and in vitro
The responsiveness of several EC lines to micromolar amounts of retinol and RA is listed below. The sources of these studies are indicated. The table also

summarizes previous Undings of the extent of differentiation of EC cells in tumor form under normal conditions.

Differentiation responses in vitro

CelllineNulli-SCClNulli(RA)-|PCC4.azalRPCC4(RA)-1F9OC15-S1PCC3-A-1RetinolModestNoneNone"NoneModerateModerateNot

testedRAExtensiveNoneExtensiveNoneExtensiveExtensiveExtensiveDifferentiation

invivoLimited;

mainlyneuroectodermLimited;
mainlyneuroectodermModest;
mainly neural,epithelialLittle

ornoneLimitedExtensiveExtensiveRefs.9,

14,159,
14,181,9,

14,151,9,
149,

15,199,
14,1520,21,22

' These cells fail to differentiate in response to retinol at concentrations up to 3 x 10 ' M and die at higher concentrations (9).
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DIETARY RETINOID EFFECTS ON TERATOCARCINOMAS

Table 2 Effects of dietary retinÃ³lasupon mouse weights
Strain 129 mice, matched for age and sex, were fed solid diets with the

indicated retinoid supplement for 1 week, or for at least S weeks (retinoid-
deficient diet), prior to injection of EC cells. Animals were weighed at the end of
the incubation time (21 to 60 days, depending upon the experiment). Weights are
expressed relative to those observed for mice on the control diet (4,000 lU/kg
retinyl palmitate).

No. of
miceDietary

retinoidNone

Retinyl palmitate
Retinyl palmitate
Retinoic acid
Retinoic acidConcentration4,000

lU/kg
200,000 lU/kg

50 mg/kg
100mg/kgM16

36
30
28
14F23

35
28
3315%

of controlwtM106.3

100.0
100.277.6"

63.4Â°F107.9

100.0
105.9
81.6*
66.3'

* Significantly different from control weights (P < 0.05).
* Significantly different from control weights (P < 0.001).
c Significantly different from control weights (P < 0.01 ).

days. No obvious patterns were detected for mice on the RA50
and RA100 diets (Table 4).

Dietary Effects on Tumor Size. The rate of tumor growth
within mice on the same dietary groups often varied widely. In
order to compare tumor growth among mice in different dietary
groups, we calculated an average daily growth index by deter
mining the mean tumor weight within each dietary group and
dividing this value by the number of days from inoculation with
cells to collection of the tumors. Table 5 illustrates that there
was no obvious relationship between levels of dietary retinyl
palmitate and average daily growth index of the tumors, even
among tumors derived from F9 or OC15-S1 cells, which differ
entiate most effectively in response to retinol in vitro (9). On
the other hand, growth indices for tumors in mice on RA-
containing diets were lower than RP4000 values in 12 of 16
cases. These decreases were statistically significant in 3 of 6
groups on the RA100 diet and in only 1 of 9 groups on the
RA50 diet. Since mice on the RA-containing diets weighed less
than their counterparts on the other diets, we considered it
appropriate also to evaluate tumor weight relative to weight of
the animal at the time of tumor removal. Under these circum
stances, tumor weights in mice on the RA100 diet were still
usually less than those in mice on the RP4000 diet, although
the differences were no longer statistically significant (Table 6).

Tumors from the RA50 group were equally likely to have higher
or lower values than those from the RP4000 group and statis
tical significance between the groups was observed in only
one instance. Our limited data suggested that growth of tu
mors derived from differentiation-defective Nulli(RA)~l and
PCC4(RA)~1 cells was less affected by dietary retinoic acid than

was growth of tumors derived from the wild-type parental cells
(Tables 5 and 6).

Dietary Effects on Tumor Cell Differentiation. Data from
histolÃ³gica! analyses are summarized in Tables 7 and 8. As
described in "Materials and Methods," we have attempted to

provide quantitative scores to reflect the extent of differentia
tion within the various tumors and the "morphological matu
rity" of the various cell types. We have also calculated an overall
"differentiation index" which represents the sum of the aver

aged scores for all of the differentiated cell types in tumors
obtained from each dietary group. In general, the variation
between experiments in differentiation index was relatively
small; therefore, we have pooled values for all tumor groups
except those obtained from F9 cells. In the latter instance, the
cells used in experiment 2 (designated F9-2) were subcloned
from those used in the first experiment (F9-1) because F9-1
stock cultures appeared to be accumulating "spontaneously"

differentiating cells, a problem we have commonly encountered
with F9 cells. It was notable that tumors derived from F9-2

cells contained fewer differentiated cells than were observed in
F9-1 tumors, regardless of diet (Table 7).

The predominant cell type in every tumor scored was EC.
These were morphologically similar in tumors from all cell
types except F9; despite the fact that the scorer was always
unaware of the cells used to generate the tumors or the dietary
conditions under which each tumor had grown, tumors from
both F9-1 and F9-2 cultures were identified as containing EC
cells of nontypical morphology. F9 tumors tended to grow as
sheets of polygonal cells with indistinct cell borders and a
moderate amount of tinctorially pale, vacuolated cytoplasm
(Fig. IA). In contrast, EC cells from other lines grew as smaller,
less cohesive, ovoid cells with distinct cell borders and a thin,
basophilic rim of cytoplasm (e.g., Fig. IB). The nuclear mem
branes of F9 cells were indistinct and the nucleoplasm showed

Table 3 Tumor incidence in mice given injections of embryonal carcinoma cells
Strain 129 mice on various retinoid diets were given s.c. injections of the indicated numbers of EC cells. When most mice on the control (4000 lU/kg retinyl

palmitate) diet contained tumors with external diameters of 1-2 cm, all animals were killed and inspected for tumors by dissection. Since tumor frequency was similar
regardless of the number of injected cells, pooled data are shown for each EC line. Numbers in parentheses indicate overall percentages of tumor incidence.

Cell lineExperimentNulli-SCCl
12

TotalNulli(RA)-l

1

PCC4.azalR 1
2

TotalPCC4(RA)-1

12

TotalF9

12

TotalOC15-S1

12

3
TotalPCC3-A-1

1No.

of cells
injected10'

10'10'

10'
10'IO4

10*10'

10*10Â»

IV
10'5x

10*Mice

with tumors/no, giveninjections(%)ORet5/5

5/5(100)12/14(86)

7/7
7/7

14/14(100)6/66/6

12/12(100)5/5

5/5(100)7/7

8/815/15(100)7/7

(100)RP40006/7

8/8
14/15(93)6/14(43)

6/6
6/7

12/13(92)6/66/6(100)6/7

6/6
12/13(92)6/7

5/6
7/8

18/21(86)6/8

(75)RP2

X10*6/7

6/7(86)11/14(79)

7/7
5/7

12/14(86)3/3

6/6
9/9(100)6/7

6/7(86)7/7

7/7
8/8

22/22(100)7/7

(100)RASO5/6

8/8
13/14(93)11/14(79)7/7

7/7(100)4/4

6/6
10/10(100)5/6

6/6
11/12(92)8/8

8/8(100)7/7

(100)RA1008/8

8/8(100)7/7

7/7(100)6/66/6(100)1/74/75/14
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DIETARY RETINOID EFFECTS ON TERATOCARCINOMAS

Table 4 Influence of dietary retinÃ³lasupon tumor latency
Strain 129 mice on the indicated retinoid diets were given s.c. injections of the

numbers of EC cells indicated in Table 3 and palpated at least three times per
week to determine the earliest time at which a mass was detectable. Relative tv,
values indicate how many days earlier (negative values) or later (positive values)
tumors could be detected in 50% of mice on the indicated diets as opposed to
mice on the control (4000 lU/mg retinyl palmitate) diet.

Relative /. , of tumor apperance(days)Cell

lineNulli-SCClNulli(RA)-lPCC4.azalRPCC4(RA)-1F9OC15-S1PCC3-A-1Experiment12112121

212

31ORet-0.5

-0.5-16.0Â°-1.5

-9.0-0.5-3.0

-10.0-3.5RP2

x10'-3.0

-1.0-14.0Â°-0.5

-0.5+1.5+0.5-4.0

-4.0
-6.5-5.5RASO+

1.0-18.0Â°-2.5+1.5

+0.50+1.00-4.0RA100-1.0-0.5+4.0+1.0+2.0+21.0*

-1.0

" These are minimum values since less than 50% of mice on the RP4000 diet

presented with tumors within 30 days of inoculation with cells.
* This is a minimum value since only 1 of 7 mice in this group was found to

have a tumor within 40 days of inoculation with cells.

either a diffuse or clumped chromatin pattern. The more typical
EC cell usually had a sharp, rigid nuclear membrane and a
coarsely clumped chromatin pattern with a tendency for periph
eral margination.

The EC lines used to generate the tumors were placed into
two groups based upon their propensity for differentiation in
vivo, as we had observed previously under normal dietary con
ditions (4, 14). In the first group we considered tumors with
restricted patterns of differentiation; these data are presented
in Table 7. Primitive neural derivatives were by far the most
common differentiated cell types observed in the tumors in
Table 7. For example, we rarely observed nonneural differen
tiated morphologies (epithelial) in Nulli-SCCl or Nulli(RA)~l

tumors from mice on different diets.
PCC4.azalR tumors did show a significant response to die

tary retinole acid. There was a marked increase in the incidence
of neural cell types and these also appeared to be morphologi
cally more mature. Furthermore, epithelial structures, which
were rare in tumors in the RP4000 and RP2 x 10s groups and

not observed in the 0 Ret group, were common in RA50 and
RA100 tumors. The overall differentiation indices of tumors
from the mice on the RA diets were significantly greater than
those from mice on the other diets. By contrast, we failed to
detect epithelial derivatives in tumors from differentiation-
defective PCC4(RA)~1 cells, regardless of the dietary regimen,

nor were the differentiation indices higher in the dietary RA
groups than in the RP4000 groups. The PCC4(RA)~1 tumors
from mice on the RP2 x IO5diet had the lowest differentiation

index in this series.
As mentioned above F9-1 tumors from mice on the control

diet contained some primitive neuroectodermal cells whereas
we failed to detect any differentiation in F9-2 tumors under the
same dietary conditions. In both instances, however, tumors
from mice on the RA-containing diets possessed elevated levels
of differentiation, albeit limited to neuroectoderm. In the single
experiment in which the effects of high levels of retinyl palmi
tate were assessed, the differentiation index was elevated, but
not to levels which were statistically significant. It was notable
that the most common neuroectodermal structures in F9 tu
mors were encephaloid, whereas rosette structures were gener
ally predominant in tumors from all of the other EC lines in
Table 7.

Table 8 consists of data from OC15-S1 and PCC3-A-1 tu
mors, in which differentiation was extensive. In tumors of the
former type, primitive epithelial cell types were often seen and
mesoderma! derivatives were also occasionally present. In data
pooled from three independent experiments, we observed sig
nificant increases in differentiation index of the tumors when
the mice were fed retinoic acid or high levels of retinyl palmi
tate. For the most part these increases were attributable to
higher neural cell scores, particularly of encephaloid and rib
bon-like morphologies. There was not an obvious pattern of
qualitative increases in differentiation. Tumors from mice on
the diet lacking retinoids were essentially indistinguishable
from those obtained from mice on the control diet.

Tumors from PCC3-A-1 cells contained by far the greatest

Table 5 Influence of dietary retinoids upon teratocarcinoma growth relative to time of EC cell injection
Strain 129 mice on the indicated retinoid diets were killed when teratocarcinoma diameters reached 1-2 cm in most mice on the control (4000 lU/mg retinyl

palmitate) diet. Tumors were removed and weighed. The average growth index was calculated by dividing tumor weight by days from inoculation and calculating the
means of values in each experimental group.

CelllineNulli-SCClNulli(RA)-lPCC4.azalRPCC4(RA)-1F9OC15-S1PCC3-A-1Experiment1211212121231No.
of cells

injected10'10s10Â«10*10'io410*10'IO410Â»10'10*Sx

10'Av.

daily growth index(mg/day)ORet0.2250.0900.1370.1610.2340.0470.0810.227RP40000.1710.1000.1250.1680.0900.0790.0410.1730.0690.0630.0800.0100.177RP2

x10'0.2270.0900.1200.1780.1250.0820.2200.0680.0560.0150.273RASO0.040Â°0.1010.0570.0630.0410.1480.0430.0150.194KA1000.064Â°0.093Â°0.0450.0520.0420.030*0.030Â°

Â°Growth index was significantly different from that of tumors in mice on control (RP4000) diet (P < 0.025).
* Only one tumor was detected in this treatment group of 6 mice.
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DIETARY RETINOID EFFECTS ON TERATOCARCINOMAS

Table 6 Influence of dietary retinÃ³te acid upon teratocarcinoma weight relative to
host weight

Tumors were generated and analyzed as described in Table 5. Data for mice
on control (4000 lU/kg retinyl palmitate) and retinoic acid (SO or 100 mg/kg)
diets are presented as a ratio of tumor weight to total host weight since the latter
animals weighed substantially less than the former. Some data sets in Table 5 are
not included here because the mice were used for blood sampling and total animal
weights were not recorded.

CelllineNulli-SCClNulli(RA)-]PCC4.azalRPCC4(RA)-1F9OC15-S1Experiment1

212121

21

2
3No.

of cells
injected10'

10s10*10sIO6

IO610s

10Â«10"

10"IO6Relative

tumor wt
(g tumor/g totalwt)RP40000.152

0.1180.1190.1010.095

0.0380.165

0.0710.084

0.110
0.031RASO0.058Â°0.1470.0870.103

0.0320.182

0.0640.043RA1000.0960.080

0.0330.0720.062*

0.055

" Average relative tumor weight was significantly different from those in mice

on the control diet (P < 0.005).
* Only one tumor was detected in this treatment group of 6 mice.

diversity of differentiated cell types and the highest differentia
tion indices (Table 8). Although there was some variation in
the latter scores, no score was significantly different from
RP4000 tumors and no obvious patterns were observed.

DISCUSSION

In various studies with F9 and PCC4.azal tumors, Strickland
and Sawey (5) and Speers (6), respectively, provided data sug

gesting a causative relationship between RA-induced differen
tiation and reduction in tumor weight. We believed that a more
critical evaluation of this relationship could be obtained by a
comparison of RA effects upon tumors generated by several
different EC cell lines, including lines similar or related to those
used in the previous studies. Some of our findings support the
validity of the relationship. Consistent with previous results (5,
6), we observed that in the presence of dietary RA, contents of
differentiated cells in F9 and PCC4.azalR tumors were in
creased (Table 7) and that the growth rates of these tumors
were consistently reduced, albeit not always in a statistically
significant manner in the present study (Table 5). Furthermore,
dietary RA failed to reduce significantly the growth rate of
tumors from the mutant lines PCC4(RA)~1 and Nulli(RA)~l,

which fail to differentiate in vitro in response to RA, whereas
the growth rates of tumors from the parental cells, which
differentiate when exposed to RA in culture, were inhibited.

Although our results are qualitatively consistent with those
of Strickland and Sawey (5), they are not in agreement quanti
tatively. Strickland and Sawey (5) claimed that dietary RA at
100 mg/kg resulted in only "minor hypervitaminosis symp
toms," that mice on this diet "gained weight and appeared
normal," yet there was a dramatic reduction in F9 tumor weight.

In the dietary formulation we used, the same amount of RA
had such obvious hypervitaminosis effects, including significant
weight loss, that we thought it necessary to add a lower dose of
dietary RA (50 mg/kg) to our testing protocol. Although the
side effects we observed were severe, the reductions in F9 tumor
weight were not dramatic, and the differences from tumors in
control animals were eliminated when the data were calculated
as a tumor weight/total body weight ratio (Table 6). Strickland
and Sawey (5) did not provide data in terms of this latter ratio,

Table 7 Effects of dietary retinoids on cell differentiation in tumors from several embryonal carcinoma lines
Tumors were generated by s.c. injection of the indicated EC lines into strain 129 mice that were maintained on diets differing in retinoid content. Tumors were

removed when those in animals on control diets (4000 lU/mg retinyl palmitate) reached 1-2 cm in diameter. Tumors were coded, fixed, sectioned through several

different levels, and stained. Tumors were scored as to the frequency of appearance and degree of morphological differentiation of the cell types observed. Scores were
calculated as described in "Materials and Methods" and the sum of the scores provided a value for the overall "differentiation index." Although not entered in the

table, EC cells were the most abundant type in all of the tumors analyzed.

Cell lineDietNulli-SCCl

0RetRP4000RP2

X10'RASORA100Nulli(RA)-l

ORetRP4000RP2

x10'RASOPCC4.azalR

0RetRP4000RP2

X10'RASORA100PCC4(RA)~1

RP4000RP2
x10'RASORA100F9-1

0RetRP4000RP2

x10sRASOF9-2

RP4000RASORAIOOTumors

analyzed1114158710611109128461269105565666Encephaloid0.090.070.200.090.200.440.330.371.750.500.110.500.400.400.501.200.300.83NeuralRibbon0.290.350.180.300.111.500.670.200.200.330.60EpithelialRosetteColumnar CiliatedSquamous0.82

0.090.540.460.500.43

0.140.700.801.270.603.002.17

0.081.25
0.130.135.50
1.50 1.000.503.17
1.670.830.830.170.560.330.40Differentiation

index1.000.540.470.500.861.500.801.701.103.552.581.8811.75Â°6.84"0.830.17*0.670.830.600.600.832.20*00.300.83Â°

Â°Significantly different from differentiation index of control tumors (P < 0.005).
* Significantly different from differentiation index of control tumors (P < 0.05).
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Table 8 Effect of dietary retinoids on cell differentiation in tumors from embryonal carcinoma lines OCI5-SI and PCC3-A-I
Tumors were generated by s.c. injection of OC1S-S1 or PCC3-A-1 cells into strain 129 mice on diets differing in retinoid content. Tumors were fixed, sectioned at

several levels, and scored for abundance and degree of differentiation of the cell types observed (the most abundant cell type in all tumors was EC). Scores were
calculated as described in "Materials and Methods." The "differentiation index" is the sum of the different cell scores in each tumor.

CelllineOC15-S1"PCC3-A-1*OC15-S1PCC3-A-1DietORetRP4000RP2

X10*RASORAI

00ORetRP4000RP2

X10sRASOORetRP4000RP2

x10sRASORA100ORetRP4000RP2

X10*RASOEncephaloid2.072.183.093.885.403.863.502.864.00Cartilage0.204.004.003.863.86NeuralRibbon1.070.881.772.631.202.712.672.432.00Bone0.111.141.331.571.71EpithelialRosette2.502.882.772.501.603.423.832.712.57Fibroblast0.190.861.331.431.71Columnar0.500.551.230.751.602.002.002.002.00Adipose0.712.000.572.00Ciliated0.140.110.270.802.002.002.002.00Gastrointestinal0.330.140.29Squamous0.060.050.132.002.002.002.57Lung0.140.330.290.86MuscleMucous

SmoothStriated0.09

0.092.86

2.863.00
2.673.71

2.860.29
4.004.00DifferentiationHematopoietic

index6.286.719.54'9.88''10.80''0.14

28.1330.990.29

28.7233.86

" Numbers of tumors analyzed were as follows: no dietary retinoid (0 Ret), 14; 4000 lU/mg retinyl palmitate (RP4000), 17; 200,000 lU/mg retinyl palmitate (RP2
x 10'), 22; SOmg/kg retinole acid (RPSO), 8; 100 mg/kg retinole acid (RA100), S.

* Numbers of tumors analyzed were as follows: 0 Ret, 6; RP4000, 5; RP2 x 10s, 7; RASO, 7.
' Significantly different from differentiation index of control tumors (/' < 0.05).
J Significantly different from differentiation index of control tumors (/' < 0.005).

but it seems likely from the data they recorded that the differ
ences observed would still be significantly different if expressed
in this manner. As we have demonstrated above, different F9
subcultures can differentiate to varying degrees in tumor form
even under normal dietary conditions; it is conceivable that
differences between our F9 cells and those used by Strickland
and Sawey (5) could explain the quantitative inconsistencies
between our results.

In his studies, Speers (6) used PCC4.azal cells, from which
we derived our PCC4.azalR line (15). Qualitatively, the lines
behave similarly in tumor form; the predominant differentiated
derivative was neuroectodermal, whereas epithelial structures
were much less common. Speers (6) observed rare areas of
cartilage; we have not noted such cells in PCC4.azalR tumors
analyzed in the current investigation, but we have occasionally
observed cartilage in previous studies.7 Although we evidenced

extensive increases in differentiation in PCC4.azalR tumors
from mice fed dietary RA (Table 7), the effect was far less
dramatic than Speers (6) observed. Likely reasons for this
quantitative difference are that Speers injected much more RA
into his mice than our animals were likely to acquire in their
diet (we estimate a 10-fold to 20-fold difference), his animals
received dimethylacetamide, also an inducer of differentiation,
along with RA, and he injected these Â¡mincersdirectly into the
site of the tumor. It should be noted that Speers observed about
10% reduction in weight of the mice following ten daily injec
tions of RA plus dimethylacetamide. It is therefore likely that
the animals in his study, like ours, experienced hypervita-
minosis A effects, and, as mentioned above, it is difficult to
know the extent to which this influenced the results.

One factor which could complicate interpretation of results
in studies such as ours is food consumption. In our experiments,

7 Unpublished observations.

animals were fed ad libitum and we did not monitor food intake.
Since animals on the RA diets weighed less than littermates on
the other diets, it can be argued that food consumption, and
therefore retinoid intake, was reduced in the former group
compared to the latter ones. This could explain, for example,
why Speer's results (6) were more dramatic than ours, since he

administered RA by injection. However, such a possibility
would not account for the difference between our data and those
of Strickland and Sawey (5), who also administered RA in the
diet (and did not comment on food intake in their report). It
should also be noted that animals on the RA100 diet weighed
less as a group than those on the RASO diet and showed other
more severe symptoms characteristic of hypervitaminosis A,
such as fractures. We conclude that although reduced food
intake could have been a contributory factor to weight loss, the
animals had indeed ingested adequate amounts of food to
become hypervitaminotic, severely so in the case of the RA100
diet. Since the animals on the elevated retinyl palmitate diet
showed increases in weight similar to those of littermates, the
failure of a tumor response to this retinoid was unlikely to be
due to reduced dietary retinoid intake.

We made two observations in particular which suggest
strongly that differentiation alone is unlikely to explain the
effects of RA on teratocarcinoma growth. The first is that the
mass of Nulli-SCCl tumors was clearly reduced by dietary RA,
but without evidence of increased levels of differentiation. The
second point is that under any dietary regimen, PCC3-A-1
tumors contain a much higher proportion of differentiated cells
(as measured by differentiation index in Tables 6 and 7) than
do PCC4.azalR or OC15-S1 tumors, even from mice fed RA,
yet the former tumors grow at least as rapidly as the latter
(Table 5). Accordingly, we find it likely that teratocarcinoma
growth can be modulated by RA in ways not involving differ
entiation (including effects on host weight), as has been con-
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L'" f

Fig. 1. HistolÃ³gica! appearance of embryonal carcinoma cells in F9 and PCC4.azalR teratocarcinomas. Sections from (a) F9 and (b) PCC4.azalR tumors were
stained with hematoxylin and eosin. The fields shown are typical of the embryonal carcinoma cell morphology in tumors generated from the cell lines. Scale marker
(in e), 20 /im.

eluded for other tumor cell types (16). We also propose that
propensity for differentiation is not the only factor influencing
relative growth rates of tumor cells from different EC lines.

Speers (6) concluded from his studies with PCC4.azal cells
that although RA could increase the proportion of differen
tiated cells in a tumor, it did not increase the number of cell
types observed. His data, as ours, indicate that epithelial cells
are much more common in PCC4.azal (or PCC4.azalR) tu
mors from RA-treated animals. However, overall evaluation of
our data with tumors from several EC lines substantiates the
view that increased differentiation in response to RA, when it
is observed, is more commonly quantitative than qualitative.
Dietary RA thus appears to be more effective in triggering cell
differentiation than in influencing the phenotype of the differ
entiated cells in vivo. Edwards and McBurney (17) have re
ported that they could influence the direction of differentiation
of PI9 EC cell aggregates in culture by modulating the dosage
of RA. This property of RA might have been observed by
Edwards and McBurney (17) but not by us because they were
working with a different cell line or because their studies were
carried out in culture.

Our results do not bode well for the strategy of "differentia
tion therapy" of teratocarcinomas with RA. We were not able

to achieve consistent evidence of suppression of tumor growth
with dietary RA at levels which had minimal hypervitaminosis
A effects. Even at higher RA levels, tumor growth did not often
appear to be preferentially suppressed relative to growth of the
host. It is possible, based on the study by Speers (6), that acute
administrations of RA at much higher levels than we have used
chronically will show a better therapeutic index. Nevertheless,

the refractoriness to RA of tumors generated from differentia
tion-defective EC cells suggests that problems with resistant
tumor cells, as is observed with conventional cytotoxic drug
therapy, would also be encountered with differentiation therapy.

Our studies with alterations in dietary retinyl palmitate were
disappointing. Only OC15-S1 tumors showed a significant
increase in differentiation index in response to the RP2 x IO5

diet; these cells, along with F9, were the most responsive to
retinol in culture (Table 1). However, there were no clear effects
of excess dietary retinyl palmitate on growth of tumors from
any of the EC lines, although high levels of this retinoid did
reduce incidence and growth of other tumors in mice and rats
(10, 18). Omission of dietary retinoid appeared to have an
initial effect on tumor growth as judged by the decreased latency
periods. However, the effects were not sustained since there
were no marked differences in tumor mass by the end of the
experimental period. It is not clear whether even the initial
effects were related to suppression of EC cell differentiation in
the absence of dietary retinoids since the latency periods also
tended to be shortened slightly in animals fed excessive retinyl
palmitate. Our data do not, therefore, provide evidence that
circulating retinol is responsible for the "spontaneous" differ

entiation of cells in teratocarcinomas. However, we cannot
make any stronger statements based upon our data since we
apparently failed to deplete mice of circulating retinoids even
though we placed them on the 0 Ret diet for several weeks
beginning soon after their birth. Also, although the RP2 x 10s

diet contained retinoid levels SO times higher than that of the
RP4000 diet, mice on the former diet had circulating levels of
retinol less than twice as high as mice on the latter diet. It
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therefore remains to be determined which endogenous factors
are responsible for the generation of differentiated cell types in
teratocarcinomas.

REFERENCES

1. Schindler, T., Matthaei, K. I., and Sherman, M. I. Isolation and character
ization of mouse murine mutant embryonal carcinoma cells which fail to
differentiate in response to retinoic acid. Proc. Nati. Acad. Sci. USA, 78:
1077-1080, 1981.

2. Wang, S.-Y., and Gudas, L. J. Selection and characterization of F9 terato-
carcinoma stem cell mutants with altered responses to retinoic acid. J. Biol.
Chem., 259: 5899-5906, 1984.

3. Pierce, G. B., Dixon, F. J., and Verney, E. L. Teratocarcinogenic and tissue-
forming potentials of the cell types comprising neoplastic embryoid bodies.
Lab. Invest., 9: 583-602, 1960.

4. Sherman, M. I., Matthaei, K. I., and Schindler, T. Studies on the mechanism
of induction of embryonal carcinoma cell differentiation by retinoic acid.
Ann. NY Acad. Sci., 559: 192-199, 1981.

5. Strickland, S., and Sawey, M. T. Studies on the effect of retinoids on the
differentiation of teratocarcinoma stem cells in vitro and in vivo. Dev. Biol.,
78:76-85, 1980.

6. Speers, W. C. Conversion of malignant murine embryonal carcinomas to
benign teratomas by chemical induction of differentiation in vivo. Cancer
Res.,Â«: 1843-1849, 1982.

7. Stevens, L. C. The biology of teratomas. Adv. Morphogenesis, 6:1-31,1967.
8. Speers, W. C., and Altmann, M. Chemically induced differentiation of murine

embryonal carcinoma in vivo: transplantation of differentiated tumors. Can
cer Res., 44: 2129-2135, 1984.

9. Eglitis, M. A., and Sherman, M. I. Murine embryonal carcinoma cells
differentiate in vitro in response to retino!. Exp. Cell Res., Â¡46:289-296,
1983.

10. Seifter, E., Rettura, G., and Levenson, S. M. Decreased resistance of C3H/
1Ici la mice to C3HBA tumor transplants: increased resistance due to supple
mental vitamin A. J. Nati. Cancer Inst., 67:467-472, 1981.

11. Bollag, W. AroÃinoÂ»Is. A new class of retinoids with activities in oncology
and dermatology. Cancer Chemother. Pharmacol., 7: 27-29, 1981.

12. McLean, S. W., Rudel, M. E., Gross, E. G., Di Giovanna, J. J., and Pede,
G. L. Liquid-chromatographic assay for retino! (vitamin A) and retino!
analogs in therapeutic trials. Clin. Chem., 28:693-696, 1982.

13. Gubler, M. L., and Sherman, M. I. Metabolism of retinoids by embryonal
carcinoma cells. J. Biol. Chem., 260:9552-9558, 1985.

14. McCue, P. A., Matthaei, K. I., Taketo, M., and Sherman, M. I. Differentia
tion-defective mutants of mouse embryonal carcinoma cells: response to
hexamethylenebisacetamide and retinoic acid. Dev. Biol., 96:416-426,1983.

15. Jetten, A. M., Jetten, M. E. R., and Sherman, M. I. Stimulation of differ
entiation of several murine embryonal cell lines by retinoic acid. Exp. Cell
Res., 124: 381-391, 1979.

16. Lotan, R. Effects of vitamin A and its analogs (retinoids) on normal and
neoplastic cells. Biochim. Biophys. Acta, 605: 33-91, 1980.

17. Edwards, M. K. S., and McBumey, M. W. The concentration of retinoic acid
determines the differentiated cell types formed by a teratocarcinoma cell line.
Dev. Biol., 98: 187-191, 1983.

18. Moire, D. M., KlÃ¶ppel,T. M., Rosenthal, A. L., and Fink, P. C. Chemo-
prevention of tumor development and metastasis of transplantable hepato-
cellular carcinomas in rats by vitamin A. J. Nutr., 110: 1629-1634, 1980.

19. Sherman, M. I., Paternoster, M. L., Eglitis, M. A., and McCue, P. A. Studies
on the mechanism by which chemical inducers promote differentiation of
embryonal carcinoma cells. Cold Spring Harbor Conf. Cell Proliferation, II):
83-95, 1983.

20. Sherman, M. I., and Miller, R. A. F9 embryonal carcinoma cells can differ
entiate into endoderm-like cells. Dev. Biol., 63: 27-34, 1978.

21. Nicolas, J. F., Avner, P., Gaillard, T., Guenet, J. L., Jakob, H., and Jacob,
F. Cell lines derived from teratocarcinomas. Cancer Res., 36: 4224-4231,
1976.

22. Martin, G. Cell lines derived from teratocarcinomas. Cold Spring Harbor
Conf. Cell Proliferation, 10:690-717, 1983.

3779

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/13/3772/2432795/cr0480133772.pdf by guest on 19 M

ay 2023




