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Materials and Methods

RA. All-trans-RA was obtained from Sigma Chemical Co., and 9-cis-RA

was from Hoffmann-La Roche, Inc. Both were dissolved in absolute ethanol
and handled in subdued light (ethanol in the medium never exceeded 0.1%).

Cells. MCF-7,T47D, ZR7Sâ€”l,MDA-MB-231, BT2O,BT474, andHs578T
breast cancer cells were obtained from and grown as recommended by the
American Type Culture Collection. Other breast cancer cell lines and growth
conditions were as described: UCTBr1 (8), ED (9), and SCll5 (10). Two

immortalized nontumorigenic breast epithelial cell lines were also studied:

MCF-IOF (American Type Culture Collection), grown as an adherent mono
layer in normal calcium, and MTSV1.7, grown as described (11).

Transfection. In the experiment shown in Fig. 3B, cells were transiently
transfected with 5 i.@gof trimerized (3RARE-driven CAT reporter construct

(12), using the calcium phosphate precipitation method. f3-Galactosidase

(pCH110) was used as an internal transfection control. CAT was assayed by
ELISA (Boehringer Mannheim) after 24 h of treatment with 1 @zMall-trans

RA.
To generate clones expressing ectopic CRABPII, MDA-MB-231 cells were

transiently transfected with hCRABPII cDNA (13) in pcDNAI/neo, whereas
SCI 15 cells were cotransfected with a mCRABPII expression vector (pTLl)
and pSV/neo. Control clones were derived by transfection of empty pcDNAlJ
neo (MDA) or pSV/neo alone (SC115).

Northern and Western Blot Analyses. After selection of stable transfec
tants in 500 p@g/ml G4l 8, expression of the neomycin resistance gene and

CRABPII was first monitored in selected clones by dot blot hybridization and
then confirmed by Northern blot analysis with 20 @zgoftotal RNA as described
(14). Binding protein expression was monitored by immunoblot analysis with

a specific anti-CRABPII antibody as described (15).

MTT Reduction Assay. Cells were seeded on a 96-well plate (500â€”1000
cells/well per 0.2 ml of growth medium), and fresh medium with or without
RA was added 24 h later. After culture for 5 days, 50 @lof MU (2 mg/ml in

medium) were added per well, and incubation continued for another 4 h. The
medium was then aspirated, the cells were dissolved in 0.2 ml of DMSO, and
the absorbance at 540 nm was measured in a microplate reader. Results shown
for MCF-1OFcells apply to cells grown in absence of epidermal growth factor.

Results

CRABPII Expression and Cell Growth Inhibition by RA. A
total of 12 breast cell lines differing in their sensitivity to growth
inhibition by RA were tested for CRABPII mRNA content. Because
CR.4BPII is an RA-inducible gene (16), we tested its expression after
24 h of treatment with medium alone and medium containing either 1
@.LMall-trans- or 9-cis-RA, a time and a dose shown to induce CRAB

P11 in other tissues (17). Fig. 1A displays the results of Northern
analysis for six â€œsensitiveâ€•cells and six â€œresistantâ€•cells. Fig. lB

documents the varying degrees of sensitivity to growth inhibition by
all-trans-RA (all cells identified here as sensitive showed a 30â€”80%
inhibition in viable cell number after 5 days of treatment with 1 ,.LM
all-trans-RA, as opposed to 0â€”15% inhibition for resistant cells).
CRABPII mRNA abundance was strikingly different between the two
groups of cells (Fig. 1A). Thus, five of six sensitive cells showed
strong constitutive expression, and the sixth (Hs578T) showed a

strong RA-inductive response. In contrast, four of the resistant cells

had a barely detectable level of CRABPII expression, even after RA
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Abstract

The role of the cellular retinoic acid binding protein type II (CRABPII)
in the retinoic acid (RA) signaling pathway is poorly understood. North
era blot analysis of 12 breast cell lines showed that CRABPII mRNA

content correlated with growth inhibition by BA, suggesting that this
binding protein enhances cellular response to BA. Ectopic CRABPII
expression supported dose-dependent growth inhibition by RA in SC11S-
resistant but not MDA-MB-231-resistant cells, indicating that CRABPH is

sufficient to rescue RA antiproliferation in a permissive background. In
both cell lines, ectopic binding protein enhanced gene activation by RA.
Thus, induction of tissue transglutaminase by all-trans-RA and, surpris
ingly, 9-cis-RA was enhanced 5-fold over and above the level of induction
in control cells (SC115), and activation of a RA response element reporter
was enhanced 3-fold (MDA-MB-231). A 5-fold enhancement of RA induc
tion of RA receptor @3expression as a result of ectopic binding protein
expression was also demonstrated (SC115). These findings indicate that

CRABPII is a positive regulator of RA signaling in breast cells.

Introduction

RA3 is a vital signal for vertebrate development (1) and for cell
growth and differentiation in adult life (2). Although there has been
rapid progress in the understanding of the functions of nuclear RA

receptors (1 ), the role of cytoplasmic RA receptors is less well
understood. Mammalian cells contain two such receptors, CRABPI

and CRABPII, which are products of separate genes (3). Analysis of
F9 embryonal carcinoma cells over- or underexpressing CRABPI as a
result of genetic intervention has provided conclusive evidence that
this binding protein functions to sequester RA and to direct its
conversion to polar metabolites, thus decreasing the biological p0-
tency of RA (4, 5). On the other hand, it remains unclear whether
CRABPII likewise blunts the effects of RA, as suggested by the
elevated CRABPII expression of RA-resistant acute promyelocytic
leukemia cells (6), or whether it sensitizes cells to RA, as suggested
by the effects of CRABPII antisense oligonucleotides on gene acti
vation in embryonic palate cells (7). To address this gap, we have
compared CRABPII expression in a panel of breast cell lines differing
in their sensitivity to growth inhibition by RA and analyzed the
growth and gene activation effects of ectopic CRABPII expression in
cells with undetectable levels of endogenous binding protein.
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or undetectable CRABPI mRNA levels (data not shown), in agree
ment with earlier reports (18, 19). Thus, CRABPII is the main
CRABP in breast cells.

Ectopic CRABPII Expression. The observation that RA-resistant
cells have a relatively low content of CRABPII mRNA prompted us
to ask whether forced CRABPII expression can overcome RA resist
ance. Two resistant cell lines, SCI 15 and MDA-MB-231 (Fig. 1),
were used to address this question. After CRABPII transfection and

G418 selection, two SCI 15 clones (designated 1 and 4) and one
MDA-MB-231 clone (designated S2) were obtained that displayed
stable CRABPII expression at the mRNA and protein level (Fig. 2).
Control clones derived from G4l 8 selection after empty vector trans
fection were also obtained. Note that SC! 15 clones 1 and 4 express

abundant CRABPII message and that MDA-MB-23l S2 cells express
an amount of CRABPII mRNA similar to that of RA-sensitive T47D
cells. Control clones, on the other hand, do not express detectable

CRABPII. Immunoblot analysis indicated comparable CRABPII pro
tein expression in T47D, MDA-MB-23l S2, and SC! 15 1 cells and a

@â€¢I â€¢â€¢.sGAPDH

CRABPII

Fig. 2. Ectopic CRABPII expression in SC1 15 and MDA-MB-231 cells. A. Northem
blot analysis. Twenty @zgof total RNA per lane. T47D cells express CRABPH endog
enously and were included as a positive control. The larger size of the hCRABPII message
in MDA-MB-23l 52 cells is due to untranslated vector sequences. B. immunoblot
analysis. Protein blots were prepared and CRABPII visualized by enhanced chemilumi
nescence as described (15). Each lane contained 50 jzg of cell lysate protein.
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Fig. 1. CRABPJJgene expression in RA-sensitive and RA-resistant breast cancer cells.
A, Northern blot analysis. Blots containing 20 jzg of total RNA per lane were probed for
CRABPII and GAPDH as described (14). Lanes C, control cells; Lanes tRA, cells treated
for 24 h with 1 @.LMall-trans-RA; Lanes 9cR.4, cells treated for 24 h with 1 psi 9-cit RA.
B, Cell growth. Cells were treated with all-trans-P..A for 5 days, and viable cell number
was scored with the MU reduction assay. Results are shown for all cell lines studied
except BT2O,which is a resistant cell line (21). Closed symbols, cell lines referred to in
the text as RA resistant; open symbols, cell lines referred to as RA sensitive.
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treatment, whereas two others (BT2O and BT474) had an intermediate
level. These findings indicate that CRABPII expression is a correlate
and a potential determinant of RA-mediated growth inhibition in
breast cells.

The factors underlying the high constitutive CRABPII expression
and small response to RA seen in five of six sensitive cell lines are not
known. We note, however, that T47D, MCF-7, ZR75â€”l, and
UCTBr-l cells express the ER, whereas Hs578T cells do not; MCF
1OFcells also express ER, at low levels.4 High constitutive CRABPII
mRNA levels may therefore be related to ER expression.

CRABPI expression was also tested in breast cancer cell lines using
a CRABPI-specific probe. All 10 tumor cell lines displayed minimal

4 I. Erenburg, personal communication.
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Fig. 3. Ectopic CRABPII enhances RA effects. A, Cell growth. The effect of all-trans-RA on cell growth was tested as described in Fig. lB. Columns, means from a representative

experiment; bars, SD (n = 4). The Yaxis was cut off at 50% to highlight the growth response. B, tissue transglutaminase induction. Cells were treated with either medium alone (c),
0.1 @LMall-trans-LA (tIM), or 0.1 @zsi9-cis-RA (9cRA) for 24 h, and Northem blot analysis was performed with 20 @zgof total RNA per lane. TGase II. tissue transglutaminase. C,
RAR@ activation. Cells were treated with I psi tRA for 24 h and analyzed as above. Similar enhancement of RAR@ induction was observed in response to 9cRA (data not shown).
D, RARE activation. Cells were transiently transfected with a trimerized f3RAREICAT reporter construct, and CAT content was measured after 24 h of treatment with medium alone
(control) or I @LMall-trans-RA (tRA); see â€œMaterialsand Methodsâ€•for details. Columns, means from two combined experiments; bars, SD (n 4).
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overcome RA resistance in a permissive background (i.e., SC1 15),
and a modest level of protein overexpression may be sufficient for
this. The lack of a comparable effect of CRABPH in MDA-MB-23 1
cells may relate to the underexpression of RARa and RAR@3in these
cells (20, 2!), particularly because RAR@3is expressed in SC! 15 cells
after RA induction (see Fig. 3C).

The demonstration of a CRABPII rescue effect in SC! 15 cells
suggested that this binding protein increased the availability of all
trans-RA to nuclear RARs or otherwise enhanced RAR activity. As an

independent test of this notion, we tested the effect ofCRABPH on the
RA-induced expression of tissue transglutaminase, a known RA target
gene (22). As shown in Fig. 3B, 24 h of treatment with 0.1 p.M

1670
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lower protein level in SC! 15 4 cells (the CRABPII mRNA content of
SC! 15 4 cells was also somewhat lower than that of SC! 15 1). As
expected, control clones did not express detectable protein.

Outcome of Ectopic CRABPII Expression. Growthassays were
performed with the CRABPII-expressing and control clones (Fig. 3A).
In the SCI 15 background, CRABPII expression conferred dose-dc
pendent responsiveness to all-trans-RA, whereas in the MDA-MB
231 background, there was only a slight, nonsignificant increase in
responsiveness. Control clones (Fig. 3A) were unresponsive, as were
the parent cells (Fig. lB). Repeat experiments confirmed these find
ings and indicated only a slight advantage in RA sensitivity for SC115
1 cells as compared to SC1 15 4 cells. Thus, ectopic CRABPH can
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aJ!-trans-RA was weakly stimulatory in parent cells; a better response
was seen with 0. ! p.M9-cis-RA. In SC! 15 neo2 cells, the response to
both RAs was somewhat greater. In contrast, both CRABPII-express
ing clones showed a much greater level of tissue transglutaminase
induction in response to a!1-trans-RA, as well as 9-cis-RA. The latter
finding was surprising because CRABPII does not bind 9-cis-RA (23).
Tests of the antiproliferative effect of 9-cis-RA in the various SC 115
clones gave very similar results to those shown in Fig. 3B for all
trans-RA (data not shown), confirming that CRABPII is capable of
enhancing the activity of both RA isomers. The RA induction of
RAR13, a classic RA target gene, was also enhanced by ectopic
CRABP1I expression (Fig. 3C).

The lack of a significant effect of CRABPII on RA-dependent
growth inhibition in MDA-MB-231 cells did not preclude an effect of
CRABPII on other RA-dependent responses. We therefore compared
the activation of a trimerized @RAREIreporter construct by 1 p.M
all-trans-RA in MDA-MB-231 neo4 and 52 cells. As shown in Fig.

3D, S2 cells had a significantly improved response to RA.

Discussion

This study was undertaken to address the role of CRABPII in RA
signaling. Our results, based on several RA-dependent assays (growth
inhibition, tissue transglutaminase induction, and f3RARE activation),
demonstrate that CRABPII is a positive regulator of RA signaling in
breast cells and is thus fundamentally different from its homologue,
CRABPI (5). However, the effects of CRABPII and CRABPI remain
to be compared in the same cell type to ascertain that these two
binding proteins perform intrinsically different functions. Alterna
Lively, their effects may be cell specific. An abstract presented at the
1996 American Society of Hematology Meeting (28) reported that
CRABPII plays a positive role in RA signaling in myeloid cells.

Although CRABPH enhances the effects of PA, the gene activation
responses studied here were clearly functional in the absence of
detectable CRABPII protein (Fig. 3, Bâ€”D),demonstrating that CRAB
Ph plays a facilitatory rather than obligatory role in RA signaling.
This is also evident from the essentially normal phenotype of CRAB
P11 null mutant mice (24) and the normal development of CRABPL/
CRABPII double knockout mice (25). On the other hand, there may
be a more strict requirement for CRABPII in cell growth inhibition by
pharmacological concentrations of RA. Thus, four of four cell lines
expressing negligible amounts of CRABPII mRNA failed to respond
to RA, whereas six of eight CRABPII-expressing cell lines were
responsive (Fig. 1). Although it is apparent that CRABPII expression
and growth inhibition are not tightly correlated (highly responsive
ZR75â€”lcells expressed a lower transcript level than modestly respon
sive UCTBr-l cells) and that CRABPII expression does not neces
sarily predict response (as exemplified by MDA-MB-23 1 52 and
BT2O cells), it is remarkable that a correlation is at all apparent, given
the complexity of the RA signaling pathway. In particular, lack of
CRABPII expression may be a good predictor of poor sensitivity to

the growth inhibitory effect of RA.
IFN-'y has been shown to down-regulate CRABPII expression in

MCF-7 cells, and this effect has been suggested as the basis for the
cooperative growth inhibition by IFN-'y and PA (18). However,
MCF-7 cells still expressed easily detectable levels of CRABPII
mRNA in presence of RA and IFN (18). Therefore, it is more likely
that the IFN induction of RAR'y (18) or other effects of this pleiotro
pic cytokine account for the observed cooperativity with RA.

How does CRABPII potentiate RA signaling? A recent report of
nuclear CRABPI localization (26) and earlier biochemical evidence of
CRABP-mediated transport of RA to the nucleus (27) offer intriguing
leads. The CRABPH-expressing clones we have generated should

facilitate tests of the hypothesis that CRABPII enhances the translo
cation of RA to the nuclear RA receptors. Interestingly, given that
9-cis-RA can isomerize to the all-trans form, this hypothesis may also
explain why the effects of 9-cis-RA are potentiated by CRABPII.
Another relevant finding is the high RA-metabolizing activity of
RA-sensitive cell lines in serum-free medium (19), including several
of the lines shown here to express abundant CRABPII. Additional
studies are needed to clarify the relationships between CRABPII and
RA metabolism and between RA metabolism and RA signaling.
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