
Requirement of ets-2 Expression for Xenopus 
Oocyte Maturation 

A molecular clone of the Xenopus laevis ets-2 gene was isolated from an oocyte 
complementary DNA library. The amount of messenger RNA (mRNA) in each oocyte 
or embryo was almost constant during oogenesis and was maintained until the blastula 
stage of embryonic development, indicating that the observed 3.2-kilobase transcript is 
a maternal message. The only normal adult tissue in which ets-2 mRNA was detected 
was the ovary. Injection of antisense oligonucleotides homologous to the ets-2 
sequence into oocytes led to degradation of the mRNA and blocked hormone-induced 
germinal vesicle breakdown. The ets-2 product is thus required for the meiotic 
maturation of  Xenopus oocytes. 

T HE ets FAMILY OF PROTO-ONCO- 

gene sequences comprises sequences 
related to the v-ets oncogene se- 

quence from avian erythroblastosis virus 
E26 ( I ) ,  a retrovirus that causes erythroblas- 
tosis and myeloblastosis in chickens (2). The 
E26 v-ets transforming protein is expressed 
as a polyprotein (p135) containing gag and 
v-my6 coded residues as well as v-ets. Beug 
and co-workers (3) have suggested that the 
my6 sequences are responsible for myelo- 
blastosis and that the ets seauences are re- 
sponsible for erythroblastosis' and fibroblast 
transformation. The proto-oncogene c-ets 
sequences are found in a wide variety of 
animals including Dvosophila (4), sea urchins 
( 5 ) ,  chickens (6 ) ,  mice (7), and humans (7, 
8). In the human, mouse, and chicken, there 
are two ets genes, ets-1 and ets-2 (7-9). The 
function of the c-ets proto-oncogenes is un- 
known. We chose to study ets genes in the 
frog Xenopus laevis because of the ease of 
experimental manipulation of the frog's 
oocytes and embryos and because of its 
well-characterized developmental biology. 
This system allows one to perform in vitro 
fertilizations and to obtain oocytes and em- 
bryos that are suitable targets for microin- 
jection. 

Recombinant bacteriophages were isolat- 
ed by screening a XgtlO library (10) derived 
from Xenopus oocyte RNA with an E26 
v-ets probe (1 1). Inserts were subcloned into 
m13mp18 (12) and sequenced (13). A se- 
quence derived from two overlapping clones 
contained a long open reading frame that 
can code for a 54-kD protein containing 
472 amino acids starting from the first ATG. 
The predicted protein sequence is more sim- 
ilar to ets-2 than to ets-1 sequences, with the 
degree of amino acid idenhty with the hu- 

Laboratory of Molecular Oncology, National Cancer 
Institute, Frederick, MD 21702. 

*Present address: Department of Pathology, Queens 
University, Kingston, Ontario, Canada K7L3N6. 
tTo  whom correspondence should be addressed. 

man, mouse, and chicken ets-2 sequences 
being 69, 68, and 68%, respectively. The 
predicted initiation and termination codons 
are colinear with the human and chicken 
ets-2 sequences. This suggests that the 
cloned DNA is the Xenopus ets-2 homolog 
and that the presence of distinct ets-1 and 
ets-2 genes is a common feature of all verte- 
brates. The likelihood that Xenopus contains 
an ets-1 gene as well as an ets-2 gene is 
supported by the observation (14) that ets- 
1-specific sequences hybridize to Xenopus 
DNA. 

To determine the expression pattern of 
the Xenopus ets-2 gene, we performed 
Northern (RNA) gel blot analysis on a 
variety of tissues obtained from an adult 
frog (Fig. 1) .  The only normal tissue in 
which ets-2 expression was detected was the 
ovary (Fig. 1, lane 2). The ets-2 RNA from 
this tissue was present as a single 3.2-kb 
band. During the dissection of the frogs, an 
ovarian tumor was detected and sampled. 
This tissue was found to have an extremely 
high level of ets-2 RNA expression (Fig. 1, 

Table 2. Restoration of GVBD by ets-2 
mRNA. Oocytes were microinjected with 
oligonucleotides and, where indicated, injected 
with mRNA 4 hours later. The human ets-2 
mRNA was prepared by in vitro transcription of 
a full-length cDNA that had been subcloned 
into the vector pGEM-7Zf(+) (Promega). 
Transcription from the T7 promoter was 
performed with the Stratagene in vitro 
transcription and capping kit. The control 
mRNA was from the Stratagene in vitro 
translation kit. One hour after the second set of 
rnicroinjections, the oocytes were treated with 
progesterone, incubated overnight, and 
examined for GVBD as in Table 1. A single 
dead oocyte resulting from the injection of 
oligonucleotides I11 + IV with the control 
mRNA was not included. This experiment has 
been repeated 2 times with similar results. 

Number GVBDI GVBD 
Injected material number injected (%) 

None 1712 1 81.0 
Sense 12115 80.0 

oligonucleotide I 
Antisense 0117 0.0 

oligonucleotides 
I11 + IV 

Antisense 6117 35.3 
oligonucleotides 
I11 + IV 
+ ets-2 mRNA 

Antisense 0112 0.0 
oligonucleotides 
I11 + IV 
+ control mRNA 

lane 4). Northern blot analysis was also 
performed on RNA isolated from Xenopus 
oocytes, eggs, and embryos. As in the adult 
ovary, for each stage where ets-2 expression 
was detected, there was a single 3.2-kb band 
(Fig. 2). The amount of ets-2 RNA detected 
was approximately the same from oocyte 
stage I1 to the morula stage. Smaller but 
significant amounts of ets-2 RNA were de- 

Table 1. Effect of Xenopus ets-2-specific oligonucleotides on germinal vesicle breakdown after 
treatment with progesterone. Stages VI oocytes were collected from Xenopus ovaries and 
microinjected with oligonucleotides as in Fig. 3. Four hours after microinjection, the oocytes were 
treated with progesterone (5 kglrnl) in 1X MBS. After incubation overnight at 22"C, they were 
fixed in 5% trichloroacetic acid and examined for GVBD (16). Dead oocytes were not included in 
the analysis. The nucleotide positions are relative to the initiation codon. 

Oligonucleotide Description Oligonucleotide Number GVBDI GVBD 
position number injected (%) 

Sense 
I 
I1 

Antisense 
I11 
IV 
I11 + IV 
v 
VI 
VII 

Controls 
No injection 
Injection with 
88 mM NaCl 
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Flg. 1. Xmopus ets-2 RNA expression in adult 
ti9sues.RNAwasamutedfiwnvarioustispues 
(19). Northern blot analysis was pcrformad as 
described (5) with 10 ~ l g  oftotal RNA per lanc. A 
1.5-kb Xmopus cts-2 cDNA Eco RI fngmcnt 
labeled with j2P by nick aanslation was used as 
the probe. Thc RNA in lanc 1 was from poolad 
16id-stage embryos ofthe sea urchin Strongylo- 
cmtrotus pupuratus (5). The RNA used in the 
ranaining lanes was obtained from the following 
Xmopus tis9ues: 2, ovary; 3, oviduct; 4, ovarian 
nunor; 5, lung; 6, liver; 7, h e ;  8, brain. 

tected in oocyte stage I and the blastula 
stage, but not at the later stages analyzed. 
The ets-2 mRNA thus represents a maternal 
RNA. The ets-2 mRNA was not localized to 
either the animal or vegetal pole of oocytcs 
or embryos when analyzed as described (10). 

The injection of antisense oligonudeo- 
tides into Xenopus oocytes results in the 
degradation of homologous messages and 
the inhibition of the expression of the cor- 
responding proteins (1 5: 16). To determine 
if Xenopus ets-2 antisense oligonudeotides 
atkx  mRNA levels, we injcckd sense and 
antisense oligonudeotides into immature 
aocytes and pcdbrmed Northern blot anal- 

ysis on RNA extracted tiom these cells. We 
detected little ets-2 RNA in oocytcs injected 
with ets-2 antisense oligonudeotides (Fig. 3, 
lanes 3 and 4) but normal levels in oocytcs 
that were not injected or were injected with 
an ets-2 sense oligonucleotide (Fig. 3, lanes 
1 and 2). Theretbre, ets-2 antisense oligonu- 
deotides specifically induce the degradation 
of ets-2 mRNA. 

An important indicator of meiotic matu- 
ration of the Xenopus oocyte is germinal 
veside breakdown (GVBD), the dissolution 
of the nudear membrane. To determine if 
the Xenopus ets-2 gene product is necessary 
for maturation, we m i c r o i n j d  oocytes 
with ets-2 sense or antisense oligonudeo- 
tides and examined for GVBD after treat- 
ment with progesterone. In the absence of 
microinjection, progesterone induced 
GVBD in 82.0% of the ~ e s .  Antisense, 
but not sense, oligonudeotides inhibited 
GVBD in the hormone-treated aocytes, re- 
ducing its ocamence to 16.9% of the 
aocytes (Table 1). To study the specificity of 
the reaction, we injected human ets-2 
mRNA into oocytcs that had previously 
been injected with antisense oligonudeo- 
tides and observed that this led to a partial 
restoration of GVBD (Table 2). This result 
demonstrated that the inhibition of GVBD 
was specifically due to the breakdown of the 
ets-2 message and that ets-2 expression is 
required for Xenopus oocyte maturation. 
The fact that human mRNA restored 
GVBD indicates that the human and Xeno- 
pus ets-2 products have homologous func- 
tions. 

Oncogenes are o h  involved in differen- 
tiation and proliferation. It is hoped that the 
function of the ets-2 oncogene can be eluci- 

Fig. 3. Effi of microin- 
je.cted o l i g o n ~ d c s  on 
Xmopus ets-2 cxprdon. 
stage VI oocytes werc wl- 
lected from a Xmopus ovary 
by discction and microin- 
jemd with 60 nl of a solu- 
tion containing one or two 
oligonuclcotidcs (1 mg/rnl 
cach) in 88 mM NaCI. The 
i n j d  oocytes were then 
incubated at 22OC in MBS 
for 4 hours. For each lane, 
total RNA was amzctcd 
fromapoolof14oocytesas 
described (5). The RNA 
was then subjemd to 
Northern blot analysis with 
dolabeled cts-2 EDNA as the probc as in Fig. 1. 
The RNA was from oocytes injected with the 
following: lane 2, ollgon* I (scnsc); lane 
3, oligonudcotidc IV (antisense); and lanc 4, a 
mixture of ollgonudcotidcs III and IV (an- 
tisense). Thc oligonuclcotidcs arc listcd in Table 
l.ThcRNAuscdinIane1wasfiwnoocytesthat 
were not mic ro in jd .  

dated with the use of the well-characterid 
developmental biology of Xenopus. The Xe- 
nopus ets-2 gene shares many properties with 
the c-mos gene, which also is e x p d  as a 
m a d  message and is required for GVBD 
(16). The v-mos product, and thus presum- 
ably the c-mos product, is a soluble cytoplas- 
mic p d  (1 7), whereas the ets-2 product 
is nudear (1 8). 

Cancer is generally considered to be 
caused by aberrant control in the mitotic 
division of somatic cells. An oocytc is amst- 
ed at the G2-M border of the cell cycle. 
Since meiosis is very similar to mitosis, these 
pnxesscs may require common products. 
Thus, overexpression of this protein in a 
somatic cell may trigger inappropriate cell 

Fig. 2. Developmental arpresSion of Xmopus cts-2 
RNA during oopcsis (top) and cmbryogcnesis 
(bottom). Total RNA was cok t cd  6rom five 

(201, or anbryos. OoEytcs were 
staged (24, and in vim fedhatian accomplished 
as desmbed (22). The dcjcllicd -0s wax trans- 
fmcd to MBS (20) for devdo~mcnt. % ckvehm- 

L OoyrI 
,*-, ,,-- --a. -,, 

mend stages were' dctemhd (23), and ~ o r t h e k  
Mot analysis on total RNA pafwmed as in Fig. 1 4.4- 

with the radiohbclcd 1.5-kb err-2 cDNA fngment 
as a pmbc. m e  depictions ofthe anbryonic stages 2.4- 
arc reprinted from (23) with pcmission, Q 1956 
Ekevier.] 
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division leading to malignancy. Our data are 
thus consisten; with the h~r~bthesis that ets 

4 L 

has an important function in the control of 
cell proliferation. Further study of the role 
of the ets-2 protein in Xenopus oocyte mat- 
uration may lead to an understanding of the 
involvement of this protein in oncogenesis. 
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The Function of a Leader Peptide in Translocating 
Charged Amino Acyl Residues Across a Membrane 

Insertion of bacteriophage coat proteins into the membrane of infected bacterial cells 
can be studied as a model system of protein translocation across membranes. The coat 
protein of the filamentous bacteriophage Pf3-which infects Psewdomonas aerugino- 
sa-is 44 amino acids in length and has the same basic structure as the coat protein of 
bacteriophage M13, which infects Escherichia coli. However, unlike the Pf3 coat 
protein, the M13 coat protein is synthesized as a precursor (procoat) with a typical 
leader (signal) sequence, which is cleaved after membrane insertion. Nevertheless, 
when the gene encoding the Pf3 coat protein is expressed in E. coli, the protein is 
translocated across the membrane. Hybrid M13 and Pf3 coat proteins were construct- 
ed in an attempt to understand how the Pf3 coat protein is translocated without a 
leader sequence. These studies demonstrated that the extracellular regions of the 
proteins determined their cellular location. When three charged residues in this region 
were neutralized, the leader-free M13 coat protein was also inserted into the mem- 
brane. Differences in the water shell surrounding these residues may account for 
efficient membrane insertion of the protein without a leader sequence. 

T HE INFORMATION SPECIFYING 

membrane insertion is located within 
proteins as transmembrane integra- 

tion signals (1). For example, leader (signal) 
peptides are NH,-terminal extensions that 
target a protein to the membrane. Some 
leader peptides are removed after membrane 
integration, whereas others are retained as 
uncleaved leader peptides or as start-stop 
sequences that anchor the protein in the 
bilayer. Each of these leader peptides con- 
tains a hvdro~hobic stretch of -20 amino , L 

acid residues that is important for their 
function. The molecular mechanism of pro- 
tein insertion has been extensively studied 
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with the coat protein of bacteriophage M13, 
which inserts into the plasma membrane of 
E. coli. This protein is synthesized as a 
precursor (procoat) with a typical 23-resi- 
due NH,-terminal leader peptide. Both the 
positively charged region of the leader pep- 
tide (2) and the apolar core are required for 
membrane insertion (3). In addition, fea- 
tures of the mature region of the protein are 
also essential (4). The hydrophobic domains 
of the leader and the mature region form a 
looped structure that allows the central seg- 
ment of the protein to translocate across the 
membrane (5). 

The major coat protein of bacteriophage 
Pf3, which infects Pseudomonas ae~uginosa, is 
synthesized without a leader peptide ( 6 )  but 
has other structural features similar to the 
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M13 coat protein (Fig. 1A). Both proteins 
have a hydrophobic region of -20 amino 
acids that is flanked by an upstream acidic 
region and a short downstream basic region. 
However, there is no sequence similarity, either 
at the nucleotide or &o acid level (7). 

To study membrane insertion of the Pf3 
coat protein, we cloned into an expression 
vector (pUC9) a 184-base pair (bp) frag- 
ment of the Pf3 genome that encodes the 
major coat protein, and we used the resulting 
construct to transform E. coli (strain ~ ~ 1 0 3 ) .  
Protein sjrnthesis was induced with isopropyl 
p-D-thiogalactopyranoside (IPTG) (1 mM) 
and the cells were labeled with [35S]methio- 
nine for 3 min. Detergent-solubilized pro- 
teins were imrnunoprecipitated and separated 
by polyacrylamide gel electrophoresis 
(PAGE). The Pf3 coat protein was immuno- 
precipitated with antibodies to Pf3 phage 
(anti-Pf3) but not with antibodies to M13 
(anti-M13) (Fig. 1C). In a pulse-chase exper- 
iment, the apparent molecular size (4625 
daltons) of the Pf3 coat protein did not 
change with time-as would be expected in 
view of the absence of a leader peptide (8). 

To determine the cellular location of the 
Pf3 coat protein, we induced its expression 
from the plasmid PAN-1, which also over- 
produces ; cytop~asmic fragment of ribu- 
lokinase (AraB). Cells induced to synthesize 
the coat protein were labeled with [35S]me- 
thionine-for 3 min and their outer mem- 
brane was permeabilized. Proteinase K was 
added externally to the cells for various 
times, and samples were analyzed by PAGE. 
Outer membrane protein A (OmpA) was 
digested by the protease as would be expect- 
ed (Fig. 2A), whereas the cytoplasmic AraB 
fragment was only digested when the inner 
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