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17B -estradiol induces the synthesis of massive amounts of the hepatic mRNA encoding the Xenopus
laevis egg yolk precursor protein, vitellogenin. Vitellogenin mRNA exhibits a half life of approx.
500 h when 17f-estradiol is present, and 16 h after removal of 17f-estradiol from the culture
medium. We recently reported that Xenopus liver contains a protein, which is induced by
17B-estradiol and binds with a high degree of specificity to a binding site in a segment of the
3’-untranslated region (3’-UTR) of vitellogenin mRNA implicated in 17f-estradiol stabilization of
vitellogenin mRNA. To determine if this mRNA binding protein was specific to this system, or if it
was present elsewhere, and regulated by other steroids, we examined the tissue distribution and
androgen regulation of this protein. Substantial amounts of the vitellogenin 3’-UTR binding protein
were found in several Xenopus tissues including testis, ovary and muscle. In the absence of hormone
treatment, lung and intestine contained minimal levels of the mRNA binding protein. Testosterone
administration induced the vitellogenin 3’-UTR RNA binding protein in several tissues. Addition-
ally, we found a homologous mRNA binding protein in MCF-7, human breast cancer cells. Although
the MCE-7 cell protein was not induced by 17f-estradiol, the MCF-7 cell mRNA binding protein
appears to be closely related to the Xenopus protein since: (i) the human and Xenopus proteins elicit
gel shifted bands with the same electrophoretic mobility using the vitellogenin mRNA 3’-UTR
binding site; (ii) The human and Xenopus proteins exhibit similar binding specificity for the
vitellogenin 3’-UTR RNA binding site; and (iii) RNA from MCF-7 cells is at least as effective as RNA
from control male Xenopus liver in blocking the binding of the Xenopus and human proteins to the
vitellogenin mRNA 3’-UTR binding site. Its broad tissue distribution and regulation by both
178 -estradiol and testosterone suggests that this mRNA binding protein may play a significant role
in steroid hormone regulation of mRNA metabolism in many vertebrate cells.
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INTRODUCTION [9, 10], storage and translation [11, 12] stabilization and
degradation [13-15]. RNA binding proteins may also
play a role in cell division [16], differentiation [17] and
the maintenance of the differentiated state [16, 18-21].

A number of diseases have been found to involve

processes (1, 2]. Regulati.on and control of RNA metab- disruption of RNA binding proteins [22-25] and RNA
olism involves an emerging class of proteins, the RNA binding proteins are important in viral etiology [26].

pinding proteins [3-5], which are important in regulat- The control of mRNA stability and degradation
ng ertually .all aspects of RNA, .metabohs.m. RNA represents a crucial step in the coupling (or uncou-
blnld%ng proteins appear to play critical roles in mRNA pling) of gene transcription and protein production
splicing [6, 7], nuclear export [6, 8], mRNA trafficking 571 "The levels of a substantial number of RNAs are

) regulated at the level of RNA stability [28], and an
*Correspondence to D. J. Shapiro. . .
Received 26 Sep. 1994; accepted 21 Dec. 1994. increasing number of agents have been shown to regu-
late this process including steroid hormones [29-35],
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The steps between gene transcription and protein
translation involving RNA metabolism are increasingly
seen as important regulatory points in many cellular
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cAMP [36-38], growth factors [39-41] and other cellu-
lar factors [42-53]. RNA binding proteins which are
thought to control mRNA stability have been identified
in only a few of these systems [39, 54-61]. Only in the
case of iron regulation of transferrin-receptor mRNA
degradation has the mRNA binding protein been
cloned and characterized [reviewed in 14].

To study steroid hormone regulation of mRNA
stability, our laboratory has developed a model system
based on 17f-estradiol control of the stability of the
hepatic mRNA encoding the Xenopus laevis egg yolk
precursor protein vitellogenin [13]. Pharmacological
levels of 17f-estradiol both induce an increase of at
least several thousand-fold in the rate of vitellogenin
gene transcription [62,63], and stabilize vitellogenin
mRNA against cytoplasmic degradation [30]. When
178-estradiol is present in the culture medium, hepatic
vitellogenin mRNA exhibits the unusually long half life
of 500 h, or about 3 weeks. On removal of 17 -estradiol
from the culture medium, vitellogenin mRNA is de-
graded with a half life of 16 h [30]. We recently
identified an mRNA binding protein which binds to a
segment of the vitellogenin mRNA 3'-UTR implicated
in 17f-estradiol-mediated stabilization [54]. We
showed that the vitellogenin 3’-UTR binding protein
was induced by 17f-estradiol in Xenopus liver and
bound with high specificity to a region centered around
a 27 nucleotide segment of the 3’-UTR. This rep-
resented the first example of a steroid hormone-regu-
lated protein binding to an mRNA 3’-UTR. Since
vitellogenin mRNA is found only in liver, in the
present study we determined whether the vitellogenin
mRNA 3’-UTR binding protein was restricted to this
tissue. Using RNA gel mobility shift assays to survey
Xenopus tissues, we found that the mRNA binding
protein was present in almost all of the tissues we
examined. This suggested that the mRNA binding
protein might have a broader role in mRNA metab-
olism than controlling the stability of vitellogenin
mRNA, and led us to demonstrate its regulation by
testosterone. It was also of interest to see if the mRNA
binding protein was present in other species. We
identified a homologous binding protein in the estrogen
receptor-containing human breast cancer cell line,
MCF-7 cells. The presence of the protein in these cells
led us to ask if the human mRNA binding protein could
be regulated by 17p-estradiol, and if endogenous
MCF-7 RNA contained binding sites for the amphib-
ian and human proteins.

MATERIALS AND METHODS
Animals and tissue collection

Adult male Xenopus laevis (Xenopus One, Ann
Arbor, MI) were injected with either 17f-estradiol
(1 mg), testosterone (1 mg) or vehicle (propylene gly-
col, 100 ul) bilaterally into the dorsal lymph sac. Estro-
gen was administered as previously described [54, 64].
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Testosterone was administered 4 and 2 days before
animals were killed. Tissues were collected and frozen
directly on dry ice. For liver cube culture experiments,
Xenopus were injected with 17f-estradiol (1 mg) 5
months and again 48 h prior to sacrifice.

Preparation of proteins

Salt extracts of crude polysomal preparations were
prepared as recently described [54]. Whole tissue hom-
ogenates were prepared as follows. Tissues were cut
into small pieces and placed in 1 ml of high salt buffer
(10 mM Tris [pH 7.6], 2.5 mM MgOAc, 500 mM KCl,
1 mM DTT, 200 U/ml RNasin (Promega), 10%, glyc-
erol, 0.1 mM EGTA, 0.1 mM EDTA, 50 ug/ml leu-
peptin, 1 ug/ml pepstatin, 5 pg/ml aprotinin, 5 gg/ml
phenylmethyl sulfonylfloride, 20 pg/ml benzamidine).
Tissues were homogenized in a polytron for approx.
5-10s at a setting of 7. The homogenate was kept on
ice for about 5 min then diluted with an equal volume
of dilution buffer (same as the high salt buffer, but
without KCI). The homogenate was centrifuged at
300,000 g for 30 min. The supernatant was aliquoted
and stored at —70°C for use in the RNA gel mobility
shift assay. Protein determinations were made using a
BioRad protein assay Kit.

RNA gel mobiliry shift assay

RNA probes were made by incorporating 2?P-UTP
(ICN; 3000 Ci/mmole) into RNA transcribed from the
SP6 promoter. pB1-15 UTR [54] was digested with
Bam H1 and used as template. This construct con-
tained 97 nucleotides of the vitellogenin B1 3'-UTR
which encompasses the protein binding site and ad-
ditional polylinker sequence. While the vitellogenin
3’-UTR binding protein exhibits specific binding to a
27 nucleotide region within this RNA fragment, bind-
ing is significantly reduced relative to the larger RNA
[54]. Since additional sequences around the 27 nucleo-
tide region appear to be necessary for optimal binding,
the larger RNA probe was used. RNA gel mobility shift
assays were carried out as previously described [54].
Briefly, * P-RNA probe (approx. 4 pmol ?P-RNA) was
incubated with protein extracts in 10 ul buffer (10 mM
Tris [pH 7.6], ] mM MgOAc, ImM DTT, 109% glyc-
erol, ImM EDTA, 0.04mM EGTA, 70mM KC(l,
0.8 U/ul RNasin, 1 mg/ml yeast tRNA, 1 mg/ml hep-
arin). The hybridization mixture was incubated for 2 h
at 4°C and products were resolved on a 4%, non-dena-
turing polyacrylamide gel. Band intensities were deter-
mined using a PhosphorImager (Molecular Dynamics).

Cell culture

XL.110 cells [29] were maintained in 0.6 x Higuchi’s
Media with 109, fetal bovine serum, 2mM CaCl,,
25 U/ml penicillin and 25 U/ml streptomycin. MCF-7
cells were maintained in 1 x DMEM/F12, 6 ng/ml
insulin, 5% calf serum, 25 U/ml penicillin, 25 U/ml
streptomycin and 50 yg/ml gentomycin. MCF-7 cells
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were treated with 17f8-estradiol for 48 h, washed in
phosphate buffered saline, trypsinized and washed with
media containing serum. The cells were pelleted and
stored at —70°C. The pellets were resuspended in high
salt buffer and processed as described above.

RNA preparation

Total cellular RNA was prepared as previously de-
scribed [65], by homogenizing tissue or cells and
extracting with phenol—chloroform-isoamyl alcohol
(24:24:1) five times followed by a chloroform extrac-
tion. RNA was precipitated with ethanol and resus-
pended in TE buffer (pH 7.6).

Xenopus liver cube cultures

Livers were removed aseptically and cut into pieces
of approx. 1mm’. Cubes were cultured in
0.6 x DMEM/F12 with 25U/ml penicillin, 25 U/ml
streptomycin, 50 pg/ml gentamycin, 2000 U/ml nys-
tatin and S pg/ml insulin for 48 h prior to treatment.
17 -estradiol, testosterone or dexamethasone (10~% M)
were added to cultures and vehicle (ethanol) was added
to control plates. Liver cubes were cultured an ad-
ditionatl 6 days and media was changed every 12 h. Half
of the liver cubes were processed to obtain the RNA
binding protein for use in the RNA gel mobility shift
assay and the other half were processed for RNA as
described above. Relative vitellogenin RNA levels were
assayed by immobilization of 0.5 and 1 ug of total RNA
on nitrocellulose filters and probed with vitellogenin
DNA radiolabeled by random priming with *?P-dCTP.

RESULTS

Levels of the vitellogenin 3'-UTR binding protein in
Xenopus laevis tissues

To determine whether the vitellogenin mRNA bind-
ing protein was present in non-hepatic tissues, we
prepared protein extracts from Xenopus laevis tissue
homogenates. Equal amounts of protein from the sev-
eral tissues tested were assayed for binding to the
vitellogenin mRNA 3’-UTR binding site in RNA gel
mobility shift assays. The intensity of the gel shifted
band corresponding to the vitellogenin 3’-UTR bind-
ing protein bound to the RNA probe was quantified
using a PhosphorImager. Relative binding for tissues in
control Xenopus laevis are shown in Table 1 as are the
number of animals from which separate samples were
analyzed. The vitellogenin 3’-UTR binding protein is
most abundant in liver, testis and muscle, and is
present at moderate levels in kidney, spleen, and heart.
The protein is present at very low levels in lung and
is virtually absent in intestine. These data indicated
that the vitellogenin 3’-UTR binding protein is not
liver specific, and is widely distributed in Xenopus,
and showed that its levels vary greatly in different
tissues.
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Table 1. Tissue distribution of the
vitellogenin 3’'-UTR RN A binding

protein

Sample Relative
Tissue* sizet amount}
Liver 4 7.8
Testis 4 12.0
Muscle 2 6.2
Kidney 3 4.4
Spleen 2 4.6
Heart 2 2.4
Lung 2 1.0
Intestine 3 0.1

*Protein extract was added at a con-
centration of 7.5 ug/assay.

1Sample size refers to the number of
Xenopus laevis from which tissues
were sampled.

FRelative amounts refers to the num-
ber of Phosphorlmager counts per
unit area measured.

Effects of 17p -estradiol and testosterone on tissue levels of
the vitellogemin 3'-UTR binding protein

Given the broad distribution of the protein, we
postulated that the binding protein might play a wider
role in mRNA metabolism and be subject to regulation
by other steroid hormones. To test this hypothesis,
male Xenopus were injected with vehicle, 17§ -estradiol
or testosterone. Tissues were also obtained from an
untreated female. The tissues were collected, pro-
cessed, and proteins were analyzed by RNA gel mobil-
ity shift assays (Fig. 1). The labeled RNA probe
migrated as a single band near the bottom of the gel
(Fig. 1, lane 1). When the probe was incubated with
proteins made by salt extraction of liver polysomes, as
expected, a single upshifted band resulting from bind-
ing of the vitellogenin 3’-UTR binding protein to the
labeled probe was detected (Fig. 1, lane 2). When the
probe was incubated with soluble protein from hom-
ogenates of whole liver in high salt buffer, the expected
estrogen-inducible gel-shifted band containing the
vitellogenin 3’-UTR binding protein and the labeled
probe band was detected (Fig. 1, lanes 3 and 4).
Testosterone administration moderately elevated levels
of the vitellogenin mRNA 3’-UTR binding protein in
liver to levels comparable to those in females (Fig. 1,
lanes 5 and 6). The mRNA binding protein was present
in high levels in the testis of the control male (Fig. 1,
lane 7) and in the ovary of the female (Fig. 1, lane 10).
Administration of 17f-estradiol or testosterone de-
creased levels of the mRNA protein in testis (Fig. 1,
lanes 8 and 9).

When extracts prepared from whole tissues are com-
pared to extracts from salt-extracted polysomes, ad-
ditional upshifted bands are observed in the RNA gel
mobility shift assays. For example, while the estrogen-
treated Xenopus liver polysome extract results in the
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Fig. 1. Gonadal steroid hormone regulation of the vitellogenin 3’-UTR RNA binding protein in liver and testis.

Autoradiogram of an RNA gel mobility shift of *P-vitellogenin 3’-UTR RNA and protein extracts from liver,

testis and ovary (OV). The migration of the free probe (P) and vitellogenin 3'-UTR binding protein bands

(SEP) are shown in the lanes labeled 1 and 2 respectively. Male Xenopus laevis were injected with vehicle (C),

17 -estradiol (E) or testosterone (T). An untreated female (Cy) was also included. Whole tissue extracts were
made from liver, testis and ovary and used in the RNA gel shift.

appearance of a single major upshifted complex (Fig. 1,
lane 2), an additional more rapidly migrating
RNA-protein complex is observed using the whole
liver cell extract (Fig. 1, lane 4). To determine if these
bands represented sequence-specific binding to the
vitellogenin 3’-UTR, we carried out a competition gel
mobility shift assay (Fig. 2). The incubations contained
either a specific competitor from the 3'-UTR of the
homologous vitellogenin B2 mRNA, or a non-specific
competitor of similar length, containing about 65
nucleotides at the 3 end of the vitellogenin B2 mRNA
coding region and 37 nucleotides of the 3'-UTR, which
does not bind the protein [54]. These RNAs are
approximately the same size as the Bl probe, and have
been used previously to demonstrate specific binding of
the protein to the vitellogenin 3’-UTR [54]. The
competitors were incubated with protein extracts from
liver of estradiol-treated Xenopus (Fig. 2, lanes 1-5) or
testis from control animals (Fig. 2, lanes 6-10). The

vitellogenin 3’-UTR binding protein from both liver
and testis (Fig. 2, upper arrow) is competed by the
specific competitor, but not by equivalent concen-
trations of the non-specific competitor. An additional
upshifted band is present in extracts of liver from
estrogen-treated male Xenopus (Fig. 2, lanes 1-5, lower
arrow). This band is also competed by addition of the
specific competitor but not by the non-specific com-
petitor. In extracts from testis, two additional bands are
present (Fig. 2, lanes 6-10, middle and lower arrows).
The slower migrating band is competed specifically
while the faster migrating band is competed by both
specific and non-specific competitors and may rep-
resent a non-specific, low affinity binding protein pre-
sent in testicular extracts. The complexes which are
specifically competed may represent a cleavage product
derived from the slower migrating vitellogenin mRNA
3’-UTR binding proteins, or may be due to binding by
unrelated proteins.
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Fig. 2. Binding specificity of complexes between proteins present in whole tissue extracts and the vitellogenin
3’-UTR RNA. An autoradiogram of an RNA gel mobility shift assay showing competition for binding to
proteins from whole tissue preparations of liver and testis by a specific (spec.) and a non-specific (non.)
competitor. The specific competitor from the homologous vitellogenin B2 mRNA 3’-UTR [54] contained the
same region used in our the binding assay, plus approx. 12 nucleotides 5’ to this sequence. Protein (10 ug) from
liver of a Xenopus treated with 17f-estradiol or testis from a control animal were added to mixtures
containing probe and either no competitor (0) or a 500-fold (A) or 1000-fold (B) excess of the competitor. The
bands discussed in the text are indicated by arrows.

The effects of administration of 17f-estradiol or
testosterone on the level of binding to the RNA probe
were tissue specific. The complex of vitellogenin 3'-
UTR binding protein and the labeled RNA is shown
as the dark upshifted band (Fig. 3, lane 2). While
administration of 17 -estradiol to males had little effect
on levels of the vitellogenin 3’-UTR binding protein in
intestine (Fig. 3, lanes 6 and 7) and muscle (Fig. 3,
lanes 9 and 10), testosterone increased levels of the
vitellogenin 3’-UTR binding protein in both of these
tissues (Fig. 3, lanes 8 and 11). Exposure to 178 -estra-
diol or testosterone had little or no effect on levels of
the mRNA binding protein in lung or spleen (Fig. 3).
In different tissues, 178 -estradiol and testosterone had
similar effects, divergent effects or no effect on levels of
the mRNA binding protein. This suggested that the
vitellogenin mRNA 3’-UTR binding protein may be
part of a larger system modulating mRNA stability in
response to steroid hormones, and perhaps other fac-
tors, in a varicty of tissues.

Estrogen directly effects levels of the vitellogenin 3'-UTR
binding protein in liver

In vivo studies do not directly access whether the
hormone acts directly on the tissue in question or acts
indirectly via another mechanism. To determine
whether 17f-estradiol could act directly on liver tissue
to induce or maintain the vitellogenin 3’-UTR binding
protein, liver cubes were prepared from male Xenopus
which had been previously injected with 178 -estradiol.
Cultures were exposed to 17f-estradiol and levels of
the binding protein were assayed after 6 days. Since
estradiol directly induces vitellogenin mRNA in liver
cubes [30], vitellogenin mRNA levels were measured as
a control. Although the animals were pre-treated with
17p -estradiol, it none the less elicited a further 7-fold
elevation in vitellogenin mRNA in the liver cube
cultures (Table 2), while testosterone and dexametha-
sone did not induce the mRNA. 17f-estradiol expo-
sure also led to a 2-fold increase in the level of the
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Fig. 3. Gonadal steroid effects on levels of the vitellogenin 3’-UTR RNA binding protein in tissues from

Xenopus laevis. Autoradiogram of an RNA gel mobility shift assay. Bands corresponding to free probe and

the vitellogenin 3’-UTR RNA binding protein are shown in lanes of probe incubated in the absence of protein

(P), or in the presence of proteins from salt-extracted polysomes (SEP) from Xenopus liver. Tissues (lung,

intestine, muscle and spleen) from control animals treated with vehicle (C) or from animals treated with

estrogen (E) or testosterone (T) were collected, and whole tissue homogenates were used in the RNA gel shift
assay.

vitellogenin 3’-UTR binding protein indicating that
17f-estradiol can act directly on liver to either induce
or maintain levels of the binding protein.

The wvitellogenin 3'-UTR binding protein is present in
Xenopus and human cell lines

To further explore the distribution of the vitel-
logenin 3’-UTR binding protein, it was of interest to
determine if the protein was present in tissue culture
cells and if a mammalian homologue existed. Two cell

Table 2. Regulation of vitellogenin mRNA and the
wvitellogenin mRNA 3'-UTR binding protein by steroids
in Xenopus laevis liver cube cultures

Ratio of steroid value/control value*

Vitellogenin 3’-UTR

Vitellogenin
mRNA binding protein
Control 1 1
178 -Estradiol 7.1 1.9
Testosterone 0.5 0.6
Dexamethasone 0.3 0.8

*Ratio of the steroid-induced and control levels of the binding
protein as determined from Phosphorlmager counts of
RNA dots, or from the intensity of gel shifted bands.

lines were selected. First, the X1.110 cell line from
Xenopus liver was chosen because this cell line stabil-
izes vitellogenin mRNA in the presence of 17f-estra-
diol and estrogen receptor [29]. Secondly, MCF-7
human breast cancer cells [66] were used because these
cells contain endogenous estrogen receptor [67]. Ex-
tracts were prepared from both cell lines and used in an
RNA gel mobility shift assay (Fig. 4). The arrow
indicates the vitellogenin 3’-UTR binding protein
band (Fig. 4, lane 1). An upshifted band with the
electrophoretic mobility characteristic of the vitel-
logenin mRNA 3’-UTR binding protein is present in
extracts from XL110 cells (Fig. 4, lane 2). The MCF-7
cell extract (Fig. 4, lane 3) also shows a band which
upshifts the labeled vitellogenin mRNA 3’-UTR probe
to the same position as protein from the liver extract,
indicating this may be a mammalian homologue of the
vitellogenin mRNA 3’-UTR RNA binding protein.

Binding specificity of the MCF-7 RNA binding protein

To test the binding specificity to the 3’-UTR probe
of the MCF-7 cell RNA binding protein, competition
RNA gel mobility shift assays were performed. The
labeled probe and increasing concentrations of the
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Fig. 4. The vitellogenin 3’-UTR RNA binding protein is

present in a Xenopus laevis liver cell line and in MCF-7 cells.

RNA gel mobility shift using whole cell extracts (15 zg) from

Xenopus laevis liver (liver), XL110 celis (XL110) or MCF-7

cells (MCF7). The band on the autoradiogram corresponding

to the vitellogenin 3’-UTR RNA binding protein-RNA com-
plex is indicated by the arrow.

competitors described above were added to extracts
from MCF-7 cells or Xenopus liver. As shown in Fig.
5, the specific competitor competed for binding with
the labeled RNA probe in both the MCF-7 and Xeno-
pus liver extracts, while non-specific competitor did not
compete over the same range of concentrations. The
competition curves for both the MCF-7 and liver
proteins are quite similar, indicating both proteins have
a similar specificity for the protein binding site in the
vitellogenin mRNA 3'-UTR.

17f-Estradiol does not alter the level of the MCF-7 cell
mRNA binding protein

The vitellogenin mRNA 3’-UTR binding protein is
induced by 17f-estradiol in Xenopus liver [54], and it
was of interest to determine if the MCF-7 cell binding
protein could be induced in MCF-7 cells. MCF-7 cells
contain high levels of endogenous estrogen receptor
[67]. A range of concentrations of 17f8-estradiol was
added to the cultures, and the cells were harvested 48 h
later. Protein extracts were prepared as described
above, and used in RNA gel mobility shift assays. The
band corresponding to the RNA binding protein was
quantified using a PhosphorImager and the results are
presented in Table 3 as percent of the control (no added
17 -estradiol) value. Increasing amounts of 178 -estra-
diol had no effect on the intensity of the upshifted
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band, indicating that under these conditions, 17f-
estradiol does not induce the MCF-7 cell mRNA
binding protein.

Endogenous RNA from MCF-7 cells and from Xenopus
liver and the vitellogenin 3'-UTR mRNA compete for
binding to the Xenopus and MCF -7 cell mRNA binding
proteins

The vitellogenin mRNA 3’-UTR binding site used
to identify the human mRNA binding protein was
derived from an amphibian mRNA. If the MCF-7 cell
proteins play a role in mRNA metabolism, we would
expect MCF-7 cell RNA to contain comparable protein
binding sites. To test for the presence of these binding
sites in MCF-7 cell RNA, we examined the ability of
RNA extracted from MCF-7 cells to compete with the
labeled vitellogenin 3'-UTR mRNA for binding of the
Xenopus and human mRNA binding proteins. Binding
of the Xenopus liver vitellogenin mRNA 3’-UTR RNA
binding protein to the probe in the absence of competi-
tor was defined as 100%, binding. The histogram
shown in Fig. 6 demonstrates that 0.4 ug of total
MCF-7 cell RNA, from 17f-estradiol treated cells, was
at least as effective as 0.4 ug of total RNA from
178 -estradiol treated male Xenopus liver (Fig. 6) or
control male Xenopus liver, which does not contain
vitellogenin mRNA (data not shown) in competing for
binding by both the MCF-7 cell and Xenopus liver
vitellogenin mRNA 3’-UTR binding proteins. In con-
trast, addition of 0.4 ug of tRNA, a non-specific com-
petitor, had no effect on binding. These data indicate
that RNA from MCF-7 cells and Xenopus liver can
effectively compete for binding by the binding protein
from both the original cells and from the other species.
This provides additional data supporting the view that
MCF-7 cells contain a functional mRNA binding
protein system related to the one seen in Xenopus liver.

DISCUSSION

We previously demonstrated that control male Xeno-
pus liver contained low levels of the vitellogenin mRNA
3’-UTR binding protein and that binding was induced
4-5-fold after administration of 17f-estradiol. Since
vitellogenin mRNA is undetectable in control male
Xenopus liver [30, 65,68], it seemed likely that the
binding protein had additional functions beyond par-
ticipation in the 17 -estradiol-mediated stabilization of
vitellogenin mRNA. The observation that RNA from
control Xenopus liver competes for binding by the
vitellogenin mRNA 3’-UTR binding protein provides
additional support for the view that this protein binds
to a diverse set of liver mRNAs. Our observation that
low levels of the vitellogenin 3-UTR binding protein
were present in control male Xenopus liver [54] led us
to investigate whether other tissues and organisms
contained proteins which bind to the vitellogenin
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Fig. 5. RNA binding specificity to the MCF-7 RNA binding protein. An autoradiogram of an RNA gel mobility
shift assay is shown at the top of the figure using protein from either MCF-7 cells (MCF-7; 4.4 ug protein) or
Xenopus laevis liver (liver; 15 ug protein). Bands corresponding to the vitellogenin 3’-UTR RNA binding
protein are shown. Increasing amounts of a specific or non-specific competitor RNA were added as indicated
by the triangles at the top. Band intensities were quantified using a PhosphorImager and values are plotted
in the graph at the bottom of the figure as percent of maximum binding versus molar excess of competitor
added. Circles indicate the competition curve using MCF-7 protein and squares indicate competition using
the liver protein. Filled symbols indicate values when specific competitor was added and open symbols
indicate addition of non-specific competitor.

mRNA 3’-UTR binding site. Here we report that the
vitellogenin mRNA 3’-UTR binding protein is present
in a variety of Xenopus tissues, and an established
Xenopus cell line, and that a homologous protein is
present in a human breast cancer cell line. This
suggests a broad role in mRNA metabolism for this
protein. Our observation that the protein is differen-
tially regulated by 17f-estradiol and by testosterone
lends additional credence to the view that this protein
is important in mRNA metabolism in diverse tissues.
Both 17f-estradiol and testosterone slightly suppressed
levels of the mRNA binding protein in testis. Since
exogenous gonadal steroids act to decrease testicular
function by suppressing gonadotropin levels [69], di-
minished testicular levels of the protein may result. A
direct comparison of relative effects of 17f-estradiol

and testosterone is not possible since we have not
investigated the doses of the two hormones required
to elicit maximum responses in the different tissues.

Table 3. Regulation of the mRNA
binding protein by 17B-estradiol in

MCF-7 cells

178 -Estradiol

(M) 97 of control*
0 100

10-° 106

10-% 100

1077 98

10-¢ 104

*Control value is the level with no added
hormone (0).
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Fig. 6. Displacement of the MCF-7 and Xenopus laevis liver
3’-UTR RNA binding protein by endogenous MCF-7 and
Xenopus liver RNA. Yeast tRNA (tRNA) or total RNA ex-
tracted from MCF-7 cells (MCF-7) or Xenopus laevis liver
(XL) was used to compete for binding to 3?P-vitellogenin
3’-UTR RNA probe in an RNA gel mobility shift assay.
Protein in the assay was from MCF-7 cells (4.4 ug), or ex-
tracts from salt extracted polysomes from Xenopus liver
(2.6 ug) as indicated. The band corresponding to the vitel-
logenin 3’-UTR RNA binding protein was quantified using a
PhosphorImager and values were graphed as percent of
maximum binding. The value in the absence of added com-
petitor RNA was used as maximum binding. Competitor
RNA (0.4 ug) was added to each reaction.

Nevertheless, the observation that the two hormones
elicited divergent effects in some tissues suggests a
different action on the mRNA binding protein. In
muscle and intestine, 178-estradiol had no effect while
testosterone elevated levels of the mRNA binding
protein. Since androgen receptors are present in
muscle, testosterone may have had a direct effect to
elevate levels of the RNA binding protein. There is
insufficient information on the androgen responsive-
ness of amphibian intestine to enable us to account for
the appearance of this protein in intestine in response
to testosterone.

The differences in levels of the vitellogenin 3’-UTR
binding protein in different tissues and among various
treatment groups within a given tissue appear to be due
to real differences in levels of the protein, and not due
to differences in nuclease activity which would result in
differences in the level of the RNA probe, rather than
of the binding protein. While the crude extracts most
likely contain nucleases, we find little evidence of
nuclease activity. This is probably because the binding
reaction mixtures contain substantial amounts of
tRNA, heparin and RNasin, which act to inhibit nucle-
ases. The full-length probe band is seen as the major
band on the gel with relatively little or no radioactivity
migrating faster than it. Additionally, the vitellogenin
3’-UTR binding protein—-RNA complex migrates as a
single, compact band with little smearing or tailing.
When substantial amounts of RNase T'1 are added to
the incubations, the probe band is completely degraded
and the vitellogenin 3’-UTR binding protein—-RNA
complex exhibits a higher electrophoretic mobility due
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to digestion of portions of the probe not protected by
the protein {data not shown).

The vitellogenin mRNA 3’-UTR binding site we
define provides a convenient high affinity binding site
with which to search for the mRNA binding protein in
other tissues. The absence of the liver-specific vitel-
logenin mRNA in control male Xenopus liver, and in all
of the other tissues in which the protein has been
detected, indicates that these tissues contain RNAs
with binding sites for the protein. To directly test this
idea, we investigated the ability of RNAs extracted
from control male Xenopus liver and from MCF-7 cells
to compete for binding with the vitellogenin mRNA
3’-UTR binding site. RNA from both sources com-
peted effectively indicating that both of these types of
cells contain RNAs with binding sites for the protein.
Scanning the GenBank database for mRNA sequences
homologous to the 27 nucleotide sequence [54] which
contains the vitellogenin 3’-UTR binding protein rec-
ognition sequence did not reveal a significant number
of RNAs with a high homology to the primary se-
quence. This was not surprising since RNAs can
assume a variety of 3-dimensional structures and se-
quence homology need only be a small part of the
protein recognition site. This is exemplified by the
multiple iron response elements important in iron
control of ferritin and transferrin receptor mRNA
which exhibit only a modest level of sequence hom-
ology. The protein appears to recognize a 3-dimen-
sional RNA structure in which only about 6
non-contiguous nucleotides are highly conserved
(14,70]. A structural analysis of the vitellogenin
mRNA 3’-UTR is likely to be necessary to identify the
exact requirements for binding of the protein.

We have also identified a human homologue of the
vitellogenin 3’-UTR RNA binding protein. A protein
is present in MCF-7 cell extracts which binds to the
vitellogenin mRNA 3’-UTR and an upshifted band is
seen in the RNA gel mobility shift assay at the same
position as the protein from the Xenopus liver extract.
The MCF-7 cell RNA binding protein also has the
same specificity as the Xenopus protein, in that it binds
to a specific segment of the vitellogenin mRNA 3’-
UTR and not to the directly adjacent region of the
vitellogenin mRNA 3’-UTR. The view that the MCF-
7 protein represents the human homologue of the
Xenopus protein is supported by our observation that
the competition curves for the two proteins are similar.
Since vitellogenin mRNA is not present in mammals
and RNA from MCF-7 cells can compete for vitel-
logenin binding to the MCF-7 protein, there are RNAs
present in MCF-7 cells which are recognized by both
the Xenopus and human mRNA binding proteins.
There have been a few reports of the regulation of the
stability of specific mRNAs in MCF-7 cells
[40, 71, 72]. Although our data must be qualified be-
cause we have not exhaustively examined the regulation
of the protein at a variety of times after addition of
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17f -estradiol to the culture medium, or the level of
estrogen receptor remaining in the cells, the mRNA
binding protein does not appear to be regulated by
17p-estradiol in MCF-7 cells. Additional studies will
be required to identify both the specific MCF-7 cell
mRNAs containing binding sites for the protein and
agents which regulate its level in MCF-7 cells.

We have shown that this protein which was pre-
viously only shown to be implicated in the control of
Xenopus vitellogenin mRNA stability is broadly dis-
tributed and that a homologous protein is found in
human cells. The differential regulation of the mRNA
binding protein in different tissues by testosterone and
by 17f-estradiol, coupled with the observation that
RNAs other than vitellogenin containing binding sites
for the protein are found in amphibian and human
cells, suggests that this protein may have a broad role
in mRNA metabolism. The identification of this ster-
oid hormone regulated mRNA binding protein system
extends the actions of steroid hormones to a new area
of regulation, the control of the activity of mRNA
binding proteins.
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