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SUMMARY

The metaplasia of rabbit ear skin tumors (keratoac-
anthomas) to mucus-secreting tissue in response to topical
application of vitamin A acid [retinoic acid (RA)j was
explored biochemically. A 48-hr application of RA stimulated
glucosamine-14C and fucose-3H uptake into glycoprotein 5- to

10-fold. The glycoprotein was converted to glycopeptides by
proteolytic digestion and was fractionated stepwise on
diethylaminoethyl Sephadex A-50. While the uptake of
fucose-3H was near zero in the 0.2 N fraction from untreated

tumors, it was about 1400 dpm/mg (wet weight of tissue) in
the equivalent fraction from RA-treated tumors.
Glucosamine-14 C uptake into this 0.2 N fraction was

stimulated 2- to 3-fold. The effect cannot result from changes
in precursor pool size, since other glycopeptide fractions
increased only slightly or decreased upon RA treatment.
Further purification of the fraction on Sephadex G-75 yielded
several glycopeptide components, only one of which showed
fucose-3H uptake when taken from RA-treated tumors. This
component showed a single, symmetrical, 14C,3H-labeled peak

when rechromatographed on Sephadex G-75 and Sephadex
G-50. A time study demonstrated considerable stimulation of
isotope uptake into glycoproteins only 4 hr after RA
treatment. Radioautography demonstrated that the
radioactivity taken up on RA stimulation was in the squamous
and connective tissue cells and not in the leukocytes.

INTRODUCTION

The important series of investigations by Prutkin (9â€”11)
has shown that topically applied vitamin A acid (RA2) can

accelerate regression of keratoacanthomas induced on the skin
of rabbit ear auricles. This procedure has been used clinically
for treatment of malignant skin lesions (1).

The keratoacanthoma is "characterized by rapid growth,
spontaneous regression and excessive keratinization" (9).

Cytologically, it closely resembles keratinizing epidermis with
appearance of tonofibrils. After the tumor was treated with
RA, histolÃ³gica! examination revealed metaplasia with
production of mucigen droplets (presumably glycoprotein in
nature), increased numbers of Golgi vesicles, rough-surfaced
endoplasmic reticulum, and lysosomes. A viscous mucus was
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secreted. When RA application ceased, the tumor reverted to
the dry (i.e., nonsecreting) keratinizing cell type (9).

The present report closely follows the above histolÃ³gica!
observations of Prutkin through an investigation of the
biochemical changes in the glycoproteins after treatment with
RA.

MATERIALS AND METHODS

Tumor Induction and Incubations. Male New Zealand
albino rabbits weighing 1 kg were purchased from Camm
Research Institute, Wayne, N. J. The inner surfaces of their ear
auricles were treated with 7,12-dimethylbenzanthracene,
(Eastman Organic Chemicals, Rochester, N. Y.), as described
by Prutkin (9). After 6 weeks, when small tumors appeared,
3% RA (Eastman) in a lanolin:mineral oil base was applied
with a cotton swab (2 g/application) (9) at 2 times: once 48 hr
and once 24 hr before the animals were killed by an
intracardial injection of pentobarbital. Tumors were rapidly
cut out and rinsed several times with cold 0.9% NaCl solution;
keratin plugs were scraped off, and the tumors were weighed
and minced under ice-cold Krebs-Ringer solution. In the time
study, in which 2 tumors (1 from each ear) were removed
every 2 hr, the animal was anesthetized locally with Xylocaine
(Astra Pharmaceutical Products, Worcester, Mass.).
Incubations of the mince were made in Krebs-Ringer solution
with either D-glucosamine-l-14C (specific activity, 43.5
/iCi/Aimole) or generally labeled L-fucose-3 H (specific activity,

5 /LiCi/Mmole),or with both. (Both the glucosamine and the
fucose were obtained from New England Nuclear, Boston,
Mass.)

Isolation Procedures. For DNA assay, 30 mg of tissue (wet
weight) were removed and precipitated in duplicate with 10%
ice-cold TCA containing 0.5% nonradioactive glucosamine and
0.2% nonradioactive fucose. Precipitates were washed with
10% TCA 3 times and then were washed with ethanol:ether,
3:1.

DNA analyses were performed by the diphenylamine
method (5). After extraction of the DNA, the remaining
pellets were dissolved in Bio-Solve (Beckman Instruments,
Inc., Fullerton, Calif.), and their radioactivity was determined
by liquid scintillation counting in toluene:PPO to give dpm/^ig
DNA. For protein assay, 3 mg of wet tissue were precipitated
by TCA and washed as described above; TCA precipitates were
dissolved in 0.2 N NaOH, and protein content was determined
by the procedure of Lowry et al. (6). Aliquots of the TCA
precipitate were placed in Bruno's solution for liquid

scintillation counting to determine dpm/mg protein.
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The rest of the incubated tissue was used for conversion of
glycoprotein to glycopeptides as follows. Glycoproteins were
precipitated with 80% ethanol as described for intestinal
glycoproteins (10). The dried material was suspended in water
by homogenization (2 mg protein/ml) and digested as
described (10) with trypsin and Pronase. The resulting
glycopeptides were precipitated with 80% ethanol, dissolved in
water sonically, and placed on the fractionating columns.

RESULTS

The uptake of glucosamine-l4C into total (TCA-pre-

cipitable) glycoprotein upon incubation of a tumor mince is
shown in Chart 1; untreated and RA-treated tumors are
compared. Stimulation was about 5-fold. This stimulation did
not occur when untreated tumors were incubated for different
periods with retinol, retinyl esters, or RA in various
concentrations. Topically applied retinyl acetate caused no
stimulation. The lack of demonstrable stimulation when
untreated tumors are incubated with vitamin A may be merely
a solubility problem that will ultimately be overcome.

Reproducibility of the stimulation of glycoprotein synthesis
by RA is shown in Table 1; RA-treated tumors were taken
from one ear of a rabbit, and untreated tumors were taken
from the other ear. Uptake of glucosamine-14C and fucose-3H

was increased 5- to 10-fold, with variability resulting, no
doubt, from variable penetration of the topically applied RA
into the tumor.

12345
Time (hr)

Chart 1. Uptake of glucosamine-14C into total glycoprotein of
RA-treated and untreated tumors. One rabbit was killed, and 2
untreated tumors weighing 100 and 80 mg, respectively, were removed,
minced, and suspended separately in Krebs-Ringer solution (14 ml).
Four tumors treated with RA were removed from another animal (200
mg), pooled, minced, and suspended in Krebs-Ringer solution (14 ml).
One-mi aliquots of the suspensions were withdrawn and incubated for
times indicated, each with 0.715 juCiglucosamine-1 *C.

In order to determine the nature of the glycoproteins that
are stimulated by RA, we fractionated them on
DEAE-Sephadex columns after their conversion to
glycopeptides (Chart 2). The fraction eluted with 0.2 N LiCl
shows a remarkably stimulated uptake of fucose-3H (about

1400 dpm/mg tissue), while there is almost no labeled fucose
incorporated into this fraction from the untreated tumor
(average dpm/wet weight for 3 treated and 3 untreated tumors
in the experiment reported in Table 1). A similar but less
dramatic increase occurs in glucosamine uptake.

Table 2 demonstrates the reproducibility of the stimulation
of uptake of sugars into the 0.2 N fraction of glycopeptides.
Three rabbits were used, and treated and untreated tumors
were taken from different ears of each rabbit. In all cases, the
fraction eluted with 0.2 N LiCl from treated tumors showed a
2- to 3-fold increase in glucosamine-14 C uptake and a much
larger increase in fucose-3 H uptake than did the same fraction

isolated from untreated tumors.
As shown in Chart 2 and Table 2, RA probably affects

neither entry of substrates into the cells nor pool sizes of
precursors, since fractions other than that eluted with 0.2 N
are only slightly affected or are actually decreased by RA
treatment.

The 0.2 N fraction was further purified on Sephadex G-75
resin; the elution pattern from treated tumors (Chart 3B)
showed several components containing glucosamine-14C, and a
single peak containing fucose-3 H eluted between 140 and 160

ml. On the other hand, elution of the 0.2 N fraction from
untreated tumors (Chart 3/1) showed 1 major glucosamine-14 C

peak, with smaller amounts of other components and no
recoverable fucose-3 H.

Rechromatography on Sephadex G-75 of the
fucose-containing peak (Chart 3, inset) from treated tumors
produced a symmetrical pattern of labeled glucosamine and
fucose. Also, chromatography of this peak on Sephadex G-50
showed a single component eluted symmetrically at 91 ml on a
50- x 2.5-cm column with a void volume of 71 ml. Thus the
fucose-containing fraction obtained from treated tumors with
0.2 N salt behaves on both G-75 and the more tightly
cross-linked G-50 as a single component.

Since the histological changes described by Prutkin (9)
appeared after 2 days of RA application to the tumor, we
determined the shortest time lag between RA application and
observably increased isotope uptake into glycoproteins. Chart
4 shows that, by 4 hr after the application, labeled
glucosamine and fucose uptake into glycoprotein were greatly
stimulated.

Finally, it was essential to ensure that the stimulation
occurred in the cells of the tumor and not in contaminating
leukocytes. Two untreated tumors and 3 tumors that had been
treated with RA were incubated with fucose-3 H in the usual

manner, and slices of the tumor tissues were prepared for
radioautography. After 3 weeks of exposure, numerous grains
were visible over the entire tumor tissue, in both squamous
and connective tissue, with greater intensity in the treated
tissue. Few lymphocytes were visible, and these showed few
blackened grains. Samples of the radioautographed tissue were
chemically assayed for radioactivity and protein.
Approximately 3-fold stimulation of uptake was found in
RA-treated tumors.
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Table 1
Radioactivity uptake into glycoproteins of RA -treated and untreated rabbit ear tumors

Glucosamine-1 "C (1 MCi/ml) and fucose-3H (2 MCi/ml) were incubated with 20 mg tissue per

ml for 4 hr.

Radioactivity uptake (dpm)

Untreated tumors Treated tumors

Tumor123Glucosamine-1

4C/Mg

DNA90100170Fucose-3

H/MgDNA110160160Glucosamine-14C/MgDNA10005001300Fucose-3H/Mg

DNA11005001400

% OF RADIOACTIVITY ELUTED

50,000 -

Â£30,000 -

15%266%14%564%86%122%3%<\.Ã¢H

10,000 -

Chart 2. Chromatography of glycopep-
tides from RA-treated (A) and untreated (B)
tumors on DEAE-Sephadex. One rabbit was
used. Two tumors, treated with RA for 24
hr and weighing a total of 409 mg, were
removed from the left ear, and 2 un
treated tumors weighing a total of 327
mg were removed from the right ear. The
treated and the untreated tumors were
pooled separately, minced, and incubated
separately in 50 volumes of Krebs-Ringer
solution containing 0.2 MCiglucosamine-14C
and 1 MCi fucose-3H per ml. Glycopeptides

derived from 90 mg of protein were
prepared from the tumor tissues after the
incubation as described under "Materials
and Methods"; they were dialyzed,

concentrated, and placed on top of a
column of DEAE-Sephadex A-50, 2.2 x 15
cm, and eluted stepwise with LiCl as
previously described (2). Recovery of
radioactivity was about 70%. Â»,
glucosamine-14C; o, fucose-3H.

Table 2
Chromatography on DEAE-Sephadex of glycopeptides from RA-treated and untreated rabbit ear tumors (results of several experiments)

Values in Experiment 2 are taken from Chart 2. In Experiment 1, the tissue was incubated with glucosamine-14C, 1 MCi/ml, and fucose-3H, 2
MCi/ml; while in Experiments 2 and 3, 0.2 MCiof glucosamine-14C and 1 MCiof fucose-3H per ml were used. In all experiments 20 mg of tissue
were incubated in 1 ml of medium.

Uptake(dpm)Experiment

1Fraction

elutedLiCl0

(waterwash)0.2

N0.4
N0.5
N1.0

NGlucosamine-1

4C/

500 MgDNAUÂ°1

,400b6,4002,100930T46.500613,3005,0002,800Fucose-3

H/

500 MgDNAU450b1,90000T16,75061,90000Experiment

2Glucosamine-1

4C/

100 mgproteinU3,70063,000136,00029,0007,350T10,250125,000176,00019,0008,800Fucose-3

H/
100mg

proteinU00000T09,500000Experiment

3Glucosamine-1

4C/

100 mgproteinU3,67055,970207,00017,4002,320T28,280165,400168,7007,80012,640Fucose-3

H/

100mg
proteinU01,80016,60000T28,00068,00013,10000

Â°U, untreated tumor; T, treated tumor.
b Water wash and 0.2 N fractions combined.
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Chart 3. Chromatography on Sephadex
G-75 of glycopeptides from untreated (A)
and RA-treated (B) tumors eluted from
DEAE-Sephadex. The total fraction
previously eluted with 0.2 N LiCl (Chart 2)
was dialyzed against distilled water,
concentrated to 2 ml, placed on a Sephadex
G-75 column (2.5 x 45 cm), and eluted with
0.01 M phosphate buffer, pH 7.4 (0.1 mM
EDTA:1 mM mercaptoethanol). The void
volume was 67 ml, and 3-ml fractions were
collected. Inset, peak from B between 140
and 170 ml was dialyzed, concentrated, and
rechromatographed on the same column of
Sephadex G-75 (tfav, was 0.64). Recovery
of radioactivity was greater than 90%. â€¢¿�,
glucosamine-1 4C; o, fucose-3H.

300 300

â€”¿�200

â€”¿�100

O
O
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Time after Vitamin A Treatment (hr)

Chart 4. Uptake of glucosamine-'4 C and fucose-3H into total

glycoprotein of tumor at different times after treatment with RA. One
animal was used. Tumors were removed and weighed: 325 mg at zero
time, 310 mg at 2 hr, 330 mg at 4 hr, and 180 mg at 6 hr after
application of RA. Tumors were minced and incubated as described for
Chart 1, each in 20 volumes of Krebs-Ringer solution containing 0.33
fiCi glucosamine-' "C and 4 >iCi fucose-3H per ml. Â»,glucosamine-1 *C;
o, fucose-3H.

DISCUSSION

The early findings of Fell and Mellanby (4) have
demonstrated that vitamin A causes differentiation of
epithelial basal cells into mucus-secreting cells, even if the
epithelium is normally keratinizing. This result could not be
achieved with adult skin, but only with embryo skin expiants
in tissue culture. In their unrestrained growth and keratin
production, these embryo skin expiants in tissue culture are
comparable to the carcinogen-induced epithelial keratoacan-
thomas, which continue their rapid growth as long as the
carcinogen is applied. It is therefore not surprising that vitamin
A (in the form of RA) would result in changes giving rise to
mucus secretion in the keratoacanthomas.

Prutkin (10) has clearly demonstrated that such an increase
in glycoprotein synthesis occurs in these tumors, since the
increased formation of mucus seen histologically after RA

treatment does not occur if the tumors are treated with
actinomycin D or puromycin prior to RA treatment.

The induction of the synthesis of a fucose-containing
glycopeptide is particularly significant, since fucose is
characteristic of secreted glycoproteins and is generally not
metabolized to other sugars (7). In earlier investigations (2),
we found vitamin A to be specifically involved in the synthesis
of an intestinal fucose-containing glycopeptide. A similar
glycopeptide was observed in trachea! epithelium; here,
vitamin A deficiency caused virtual disappearance of a
fucose-containing glycopeptide that was eluted from
DEAE-Sephadex by 0.2 N LiCl (F. Bonnani, F. F. Levinson,
and G. Wolf, unpublished observations).

Isotope uptake into glycoproteins increases early, within 4
hr after RA treatment (Chart 4). Prutkin (10) postulates that
the vitamin acts through the nucleus to influence protein
synthesis. The early effect observed in our experiments is
consistent with previous work from our laboratory (3), which
indicated action at the level of insertion of the sugar residues
into the growing peptide chain. Perhaps an early initial effect
which involves posttranslational action is followed by a
nuclear event such as that observed by Prutkin (10).

Even less evident is the mechanism by which vitamin A
accelerates tumor regression. Shamberger (12) postulates that
the release of lysosomal enzymes is a cause of this
phenomenon, but our work shows that RA acts more
specifically, by the induction of particular glycoproteins. One
could speculate that the carcinogen removes the growth
restraints on 1 epithelial cell type, the keratinizing cell. If this
is changed by RA into a mucus-secreting cell, the locus
originally affected by the carcinogenâ€”be it nuclear or
cytoplasmicâ€”is changed and may no longer be available for the
carcinogen to act upon. The new, mucus-secreting cell then has
the properties of a normal cell, with proper restraints on
growth. This hypothesis implies that vitamin A acts to reverse
the growth of already established keratinizing tumors. Cases
exist in which vitamin A has been shown to increase tumor
yield (8, 9). In these cases, however, the vitamin was applied
to the epithelium either before tumors appeared (8) or in the
early stages of carcinogenesis (9).

While exploring the function of vitamin A, it may be
possible for one to probe the entities of the cell that are
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involved in differentiation and that must be closely linked to
carcinogenesis. The very rapid (4 hr), dramatic changes
observed in the present system make it a good model for such
studies.
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