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ABSTRACT

In this paper the biological activity of several newly synthesized
benzoic acid derivatives of the Am- and Ch- series, which are structurally
different from retinole acid and arotinoids, was examined. These com
pounds inhibit squamous cell differentiation of rabbit trachea) epithelial
cells in vitro as indicated by the inhibition of transglutaminase Type I
and cholesterol 3-sulfate levels. In contrast to the inhibition of differen
tiation in rabbit trachÃ©alcells, these compounds induce differentiation of
mouse embryonal carcinoma F9 and human promyelocytic leukemia
III.60 cells. The Am- and Ch- series of compounds also affect several
parameters of cell proliferation. These agents are very potent inhibitors
of growth of melanoma S91 cells and inhibit the induction of ornithine
deca rhiÂ»xylase activity by pluirhiÂ»I12-niyristate 13-acetate in 3T6 fibro-
blasts. These results show that the Am- and Ch- derivatives elicit in
several cell systems the same cellular responses as retinole acid. We
propose, therefore, that they exhibit mechanism(s) of action similar to
those of retinoids. Comparison of the biological response with the binding
capacity to the cellular retinole acid-binding protein shows a lack of a
direct correlation.

INTRODUCTION

Retinoids, analogues of vitamin A, are modulators of cellular
proliferation and differentiation of many cell types in vivo as
well as in vitro (1-3). Their mechanism of action is not yet
established, although several hypotheses have been offered. The
most widely accepted hypothesis proposes that the specific
CRABP2 and CRBP are involved in the translocation of reti
noids to the nucleus. In the nucleus the retinoid-binding protein
complexes interact with specific binding sites on the chromatin
resulting in alterations in gene transcription (4). The implica
tion of the binding proteins in the mechanism of action of
retinoids is supported by the structure-activity relationship;
namely, the efficacy with which retinoids bind to the binding
protein CRABP correlates rather well with their biological
activity in different systems (5-8). Additional evidence for this
hypothesis has come from the recent analysis of the interaction
between retinoid-binding protein complexes and chromatin,
which have indicated the existence of specific binding sites (9).
There are, however, reports on cells (e.g., HL60 promyelocytic
leukemia and various fibroblasts) that respond to retinoids but
contain no detectable retinoid-binding proteins (10-13).

In this paper we examined the biological activity (growth
inhibition and induction of differentiation) in various in vitro
cell systems of several newly synthesized benzoic acid deriva
tives (Fig. 1) as well as their ability to bind to CRABP. The
results suggest that not all biologically active retinoids need to
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bind to CRABP with high affinity in order to exert their effects.
The importance of this conclusion will be discussed.

MATERIALS AND METHODS

Cell Culture. Primary cultures of rabbit trachea! epithelial cells were
established as described previously (14). Cells were grown in Ham's

F12 medium supplemented with insulin (5 Mg/ml), transferrin (5 nv.1
ml), epidermal growth factor (25 ng/ml), and hypothalamic extract
(0.4%). Embryonal carcinoma F9 cells, melanoma S91 clone C2 cells,
and BALB/c 3T6 fibroblasts were grown in Dulbecco's modified Eagle's

medium containing 10% fetal bovine serum (8, IS). Human promye
locytic leukemia HL60 cells were grown in RPMI 1640 supplemented
with 10% fetal bovine serum.

Retinoids and Synthetic Benzoic Acid Derivatives. All f/-u;;.v-retinok-
acid and Ro 13-7410 were obtained from Hoffmann-La Roche, Inc.
(Nutley, NJ). The new retinole acid derivatives of the Am- and Ch-
series were synthesized by Dr. Shudo as described previously (16, 17).

Biochemical and Biological Assays. Transglutaminase activity was
determined as described previously (14) by measuring the incorporation
of [3H]putrescine (New England Nuclear) into caseinhydrolysate. For
this assay the HL60 cells were grown in serum-free RPMI 1640 medium
supplemented with insulin (5 ^g/ml). transferrin (5 Â¿tg/ml),and sele
nium (3 UM). The assay of plasminogen activator production by F9
cells was performed as described previously (15). To measure the levels
of cholesterol sulfate, cells were labeled for 24 h with 35S-sulfate (ICN),

and cholesterol sulfate was extracted from the cells with chloroform/
methanol (2:1) as described (18). ODC activity Â¡n3T6 fibroblasts was
determined by measuring the release of CO.. from ornithine according
to a method described previously (15). To test the effect of the chemical
analogues on ODC activity, cells were preincubated with the analogue
for 24 h before the addition of PMA. ODC activity was measured 4 h
later. Inhibition of cell growth of melanoma cells was performed as
described previously (8).

Retinoid Binding Assay. CRABP was partially purified from rat testis
according to a procedure described by Ong and Chytil (19). CRABP
was purified through the DEAE-cellulose step at pH 8.3, incubated
with 2 x IO"7 M [3H]-all-frans-retinoic acid (55.3 Ci/mmol; New Eng

land Nuclear) alone or together with different amounts of an unlabeled
analogue, and the competition for the binding was determined by
Sephadex G-25 gel filtration chromatography on 2-mI columns as
described (20).

RESULTS

Rabbit trachea! epithelial cells grown in the absence of reti
noids undergo squamous cell differentiation when cultures
reach high density (20). This differentiation is characterized by
changes in cellular morphology and by the expression of several
biochemical markers such as an increase in Type I transgluta
minase activity and cholesterol sulfate levels (14,18). Retinoids
inhibit the differentiation process and the appearance of these
markers. To examine the effect of the benzoic acid derivatives
Am80, Am580 and Ch55 (Fig. 1) on squamous cell differentia
tion of these cells, primary cultures were treated with various
concentrations of these agents and transglutaminase activity
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Ro13-7410
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Fig. 1. Comparison of the chemical structure of retinoic acid, the arotinoid
Ro-13-7410, Am80, Am90, Am580, Ch55. Ch30. and Ch80.
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Fig. 2. Inhibition of transglutaminase activity in rabbit trachea! epithelial cells
by Am80, Am580, Ch55 and retinoic acid.. Cultures of confluent rabbit trachea!
epithelial cells were treated with different concentrations of these compounds.
After 3 days of treatment the transglutaminase activity was determined. O, retinoic
acid; Â»,Ch55; A. Am80; A, AmSSO.

and cholesterol sulfate levels were determined. As shown in
Fig. 2 these compounds inhibited the increase in transglutami
nase Type I activity in a concentration dependent manner
indicating that they suppress the expression of the squamous
cell phenotype. The ECs0s for Am80, Am580, Ch55 and retinoic
acid were 1.1, 1.0, 0.02 and 0.4 nM, respectively (Table 1). The
increase in cholesterol sulfate, another marker for squamous
differentiation of trachÃ©alcells, was also inhibited by these
agents in the nanomolar to picomolar range (Table 1).

In contrast to their inhibitory action in the rabbit trachÃ©al
cells, retinoids are potent inducers of differentiation of em
bryonal carcinoma cells (7, 21). As shown in Fig. 3, treatment
of embryonal carcinoma F9 cells with Ch55 induced a change
in morphology; Ch55-treated cells exhibited the same endo-
derm-like morphology as retinoic acid-treated F9 cells. Re

moval of Ch55 did not reverse this phenotype. The production
of plasminogen activator during the differentiation of F9 cells
to endoderm cells serves as a differentiation marker (21). Like
retinoids, Am80, Am580 and Ch55 induced plasminogen acti
vator in the F9 cells (Fig. 4). The concentrations causing half-
maximum stimulation were 6.3, 3.8, 0.26, and 0.37 nM for
Am80, Am580, Ch55, and retinoic acid, respectively.

The induction of differentiation of HL60 cells into granulo-
cytes by retinoids and by compounds of the Am- and Ch- series
has been documented (16, 17, 22). In this study the action of
various of these compounds on the induction of Type II trans
glutaminase activity was examined. Treatment of HL60 cells
with retinoids induces the activity of this enzyme; however,
other inducers of granulocyte differentiation have no effect on
transglutaminase activity in these cells indicating that this
stimulation is highly specific for retinoids (23). Ch55, Am80,
and AmSSO also induced Type II transglutaminase activity in
HL60 cells and like retinoic acid this induction occurred in the
micromolar concentration range (Table 2). Ch55 was one of
the most effective inducers among the compounds tested in this
study. The concentration of half-maximum stimulation was
0.25 nM for retinoic acid. The EC5oSfor the analogues of the
Am- and Ch- series could not be determined since they showed
increasing cytotoxicity at concentrations larger than 0.1 MM.

Retinoids have been shown to inhibit the growth of many cell
lines and to prevent the induction of growth-related parameters
such as ornithine decarboxylase activity (3). Retinoids are po
tent inhibitors of melanoma S91 cell proliferation (8). As shown
in Table 1, the Am- and Ch- series of benzoic acid derivatives
inhibited effectively the growth of these melanoma cells with
half-maximum inhibition in the nanomolar concentration
range. Like retinoic acid these agents inhibited the induction of
ornithine decarboxylase activity by PMA in 3T6 fibroblast cells
(Table 1). The concentrations of half-maximum inhibition of
ornithine decarboxylase activity were 1.0, 15, 26, and 2.0 nM
for Ch55, Am80, Am580, and retinoic acid, respectively.

The results presented above show that the series of Am- and
Ch- derivatives elicit the same cellular responses as retinoic
acid. Therefore, we examined the capacity of these agents to
compete with retinoic acid for the binding site of CRABP. As
shown in Fig. 5, Am80 and Am580 competed with retinoic acid
for the binding to CRABP isolated from rat testis. The concen
trations of half-maximum inhibition of the binding were 3.6,
4.0 and 0.21 UMfor Am80, Am580, and retinoic acid, respec
tively. Ch55, which exhibited the highest biological activity,
virtually did not compete with retinoic acid for the binding to
testicular CRABP. The concentration of half-maximum inhi
bition was estimated at 0.54 nisi. Similar results were obtained

Table I Comparison of the biological activity and binding to CRABP of retinoic acid, Ro-13-7410, and benzoic acid analogues from the Am- and Ch- series

Parameter and ECÂ»(nM) for cell system

AnalogueRetinoic

acid
Ro 13-7410
Am80
Am90
AmSSO
Ch55
Ch30
Ch80RbTETransglutaminase

activity0.4

0.1
I.I

>100
1.0
0.02
4.0
0.4Cholesterolsulfate

levels0.01

0.01
NT

>100
0.2
0.03
0.5
0.1F9,

plasminogen
activator0.37

0.2
6.3

>100
3.8
0.26
0.8
0.6HL60",

nitroblue
tetrazolium
reduction1.0

0.30.4

>100
NT

0.04
0.8
0.7S91-C2.

cellno.4.0

6.0
16NT

22
0.5

30
103T6,

ODC
activity2.0

NT*

15
NT
26

1.0
NT
NTBinding

to
CRABP,K;

OÃ•M)0.21

0.18
3.6

>100
4.0

540
>100
>100

â€¢FromRefs. 16 and 17.
* NT, not tested.
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Fig. 3. Change in cellular morphology of
embryonal carcinoma cells induced by ChSS.
A, control F9 cells; B, F9 cells treated with
IO"'M ChSS for 5 days.
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Fig. 4. Induction of differentiation of embryonal carcinoma F9 cells by AmSO,
AmSSO, ChSS, and retinoic acid. Cells were plated at 5 x IO2cells/60-mm dish

and the next day treated with the analogues at the concentrations indicated. After
S days the number of colonies producing plasminogen activator was determined.
O, retinoic acid: Â»,ChSS; A. AmSO; A, AmSSO.

with CRABP isolated from rabbit trachea! epithelial cells (not
shown).

Table 1 summarizes the activities of several derivatives of the
Am- and Ch- series with those of retinoic acid and the arotinoid
Ro-13-7410 and compares the biological activities of these
agents with their binding capacity to CRABP.

DISCUSSION

In this study the biological activities of several newly synthe
sized benzoic acid derivatives of the Am- and Ch- series are
compared with the biological activity exhibited by retinoic acid.
These agents inhibit the expression of the squamous cell phe-
notype in RbTE cells, induce differentiation of embryonal car
cinoma F9 and promyelocytic leukemia HL60 cells (16, 17),
induce transglutaminase activity in HL60 cells, inhibit the

Table 2 Induction of transglutaminase Type II activity in human promyelocytic
leukemia HL60 cells by analogues of the Ch- and Am- series

HI 60 cells were treated with the analogue for 48 h before transglutaminase
activity was measured. Medium plus analogues was renewed after 24 h of
treatment.

Transglutaminase
activity

AnalogueNo

additionRetinoic

acidChSSConcentration

(M)io-7

10-'
10-'io-7

io-Â«dpm/60

min/mg
protein (xIO'3)0.132.55

7.37
7.382.2

Toxic-Fold

increase19.6

56.2
56.816.9

Ch80

AMSSO

AM80

AM90

io-7

io-7
io-
io-7
io-
io-7

1.65

1.0
Toxic

1.51
Toxic

0.08

12.7

7.6

11.6

activity of ODC induced by PMA in 3T6 fibroblasts, and inhibit
the growth of melanoma S91 cells (Table 1). Recently, it has
been reported (24) that these derivatives, like retinoids (25),
increase the binding of epidermal growth factor in normal rat
kidney fibroblasts. It seems highly unlikely that any compound
would fortuitously have such a variety of biological and bio
chemical responses in common with retinoids. And although
structurally different, the Am- and Ch- series of benzoic acid
derivatives have certain structural similarities to the arotinoid
Ro-13-7410 and retinoic acid as can be observed in Fig. 1.
Therefore, it is concluded that they exhibit mechanism(s) of
action similar to those of retinoids.

Retinoids have been defined as compounds related to vitamin
A (retinol) and as "diterpenoids derived from a monocyclic

parent compound containing five carbon-carbon double bonds
and a functional group at the terminus of the acyclic portion"

(IUPAC-IUB). As discussed by Sporn et al. (24) and Sporn and
Roberts (26) previously, this definition leaves out a large num
ber of tricyclic and tetracyclic derivatives that have been recently
synthesized (27, 28) and found to exert biological activities
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Fig. 5. Competition of Am80, Am580, Ch55, and retinoic acid with the

binding of labeled retinoic acid to CRABP. Binding assays were carried out as
described in "Materials and Methods." O, retinoic acid; A, Am580; A, Am80; â€¢,

ChSS.

indistinguishable from "classical" retinoids. The derivatives of

the Am- and Ch- series, reported here, are excluded by this
definition as well. Sporn et al. (24) have proposed an alternative
definition: a retinoid is a substance that can elicit specific
biological responses by binding to and activating a specific
receptor or set of receptors. Although this definition is not very
specific, it puts the emphasis on the receptor and response
rather than the structure of the retinoid. Until a better knowl
edge is obtained of the mechanism(s) of action of these agents,
this definition appears for now satisfactory.

One might expect that retinoids with similar biological activ
ities would share a common mechanism of action. The mecha
nism most favored at this moment is one proposed by Chytil
and Ong (4) suggesting a role for the binding proteins in the
translocation of retinoids to specific sites on the chromatin
resulting in the specific modulation of gene transcription. Sev
eral findings support this hypothesis: specific interactions of
retinoid acid-CRABP with chromatin have been demonstrated
(9) and mutants of embyronal carcinoma cells that do not
respond to retinoic acid and lack CRABP have been isolated
(29). A reasonable correlation exists in many cell systems
between the biological activity of the retinoids and their capacity
to bind to the binding proteins (5-8). This has been used as
evidence to support a role for these binding proteins in the
mechanism of action of retinoids. However, no correlation has
been found between the modulation of cell proliferation and
the presence of CRABP and CRBP (10,12,13), and no binding
activity has been detected in HL60 cells (II)3 indicating that

the growth response of many cell lines and the induction of the
differentiation of HL60 cells are regulated independently of the
binding proteins and probably occur via different mechanisms.
Moreover, retinoids exhibit very similar structure-activity rela
tionships regardless of whether CRABP is present or not (6-8,
10-13). It is therefore difficult to use the good correlation
between biological and binding activity of retinoids in some
systems as conclusive evidence for an essential role of the
binding protein. Table 1 summarizes the action of several
derivatives of the Am- and Ch- series with that of retinoic acid
and the arotinoid Ro-13-7410 and compares the biological
activities of these agents with their binding capacity to CRABP.

3A. M. Jetten and T. Breitman, unpublished results.

For the Am- series of analogues a reasonable correlation was
found. However, the Ch- series of analogues exhibits high
biological activity but does not bind to CRABP. These findings
appear to weaken the structure-activity relationship and ques
tion further the role of these binding proteins in the mechanism
of action of retinoids. Based on the current knowledge of
metabolic pathways, it appears unlikely that cells metabolize
the Ch- compounds to derivatives that are able to bind to
CRABP. However, this possibility cannot be excluded, and we
are awaiting the synthesis of rad iolabeled compounds to address
this question. Closer examination of the correlation between
biological and binding activity of retinoids show that some
benzoic acid derivatives have EC50s that are 100- to 1000-fold
lower than their Ka values (6, 30). These results might indicate
the presence of other receptors or binding proteins that are
involved in the signal transduction of retinoids in responsive
cells. These receptors might have a different structure-activity
relationship and higher binding affinity than CRABP. We think
that Ch55 will be an important tool for the elucidation of this
possibility.
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