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ABSTRACT The recombinant cDNA RecXVI, which hy-
bridizes to the endo A mRNA, detects two specific bands on a
Southern blot of EcoRI-digested genomic mouse DNA. We
have screened a mouse genomic library with this cDNA and
isolated these two sequences. Endo A is encoded by a 7.5-
kilobase gene and by a 1.6-kilobase pseudogene devoid of
introns. A repetitive sequence belonging to the B2 family is
located in the third intron of the gene. We have observed that
transcription of B2 sequences and of the endo A gene are
mutually exclusive.

The first detectable morphological differentiation of mouse
embryonic cells takes place during blastocyst formation, in
the course of which two different types of cells, the
trophectoderm and the inner cell mass cells, become dif-
ferentiated (1). This differentiation is accompanied by modi-
fications in the pattern of protein synthesis, revealing a
difference in the regulation of gene expression (2). Among
these differences, some intermediate filament proteins are
synthesized in the trophectoderm but not in inner cell mass
cells (3, 4). Analysis of the onset of synthesis of these
proteins might provide an insight into molecular events
directly related to the cell commitment program.

We describe here the isolation and characterization of the
genes encoding endo A (5), also referred to as cytokeratin A
(6). Endo A appears during blastocyst formation and has
been identified in trophoblast but not in inner cell mass cells
(7). It is therefore a valuable marker of the modifications in
gene expression during the first binary choice made by
embryonic cells. Later in development, endo A is still
expressed in a tissue-specific manner; it is expressed in
visceral and parietal endoderm and in epithelial cells derived
from mesoderm and endoderm (i.e., in liver and kidney) but
not in fibroblasts, myoblast, neural tissues, or keratinocytes
(8). In vitro, endo A is found in trophoblastoma cell line
TDM-1, but not in embryonal carcinoma cells.

A cDNA clone, RecXVI, was isolated (9) from a cDNA
library prepared from TDM-1. This cDNA hybridizes to a
specific 185 mRNA encoding endo A. We have used this
cDNA to isolate the endo A genes to analyze the regulation
signals involved in the expression of this protein during the
first embryonic differentiation. We describe here the struc-
ture of the genes and discuss the possible regulatory role of
a repetitive sequence that is included in one of them.

MATERIALS AND METHODS

Cells. Teratocarcinoma cell lines F9 and PCC3 (10) were
cultured under standard conditions. TDM-1 is a tropho-
blastoma cell line (10).

Isolation of Mouse Genomic Clones. A genomic library of
BALB/c mouse DNA restricted with EcoRI and cloned into
phage A Charon 4A was plated to a density of 15,000 phages
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per 10-cm plate and screened as described (11) using the
cDNA RecXVI.

Electron Microscopy of Heteroduplexes. Heteroduplexes
were prepared by renaturing the DNAs in 50% form-
amide/0.58 M NaCl/50 mM Pipes, pH 6.8/1 mM EDTA at
64°C for 1 hr. After fixation with glyoxal for 2 hr at 12°C, a
solution was prepared for electron microscopy by the
formamide/cytochrome monolayer spreading procedure
(12). Magnification was x16,000 and micrographs of mol-
ecules were measured and compared by computer analysis.
R loops were formed for 90 min under the same conditions
except that the temperature was lowered to 25°C over a 3-hr
period.

Nuclease S1 Mapping. RNA was extracted from the vari-
ous strains (13) and poly(A)* fractions were selected on an
oligo(dT)-cellulose column. The desired probe was cloned
into an M13 mp8 vector and uniformly labeled to high
specific activity with 32P by primed DNA synthesis. The
DNA was then restricted with EcoRI, which cleaves the
polylinker of M13 mp8 but not the inserts. The labeled
single-stranded probe was isolated by electrophoresis on 6%
polyacrylamide gels and recovered by élution with 0.5 M
NH,OAc/10 mM MgCl,/1 mM EDTA/0.1% NaDodSO, at
37°C. Hybridizations to the RNA were cartied out according
to ref. 14. After S1 nuclease digestion of the DNA'-RNA
hybrids, the protected fragments were electrophoresed on 8
M urea/6% polyacrylamide gels (15).

DNA Sequence. DNA sequences were determined by the
dideoxy chain termination method of Sanger et al. (16).

RESULTS

Cloning of the Endo A Gene. On a Southern blot of EcoRI-
digested mouse DNA, the cDNA RecXVI hybridized to
specific DNA fragments of 2.3 and 2.5 kilobases (kb). We
screened a mouse genomic library with the RecXVI probe
and found six positive clones out of 4 x 10°. The pattern of
restriction showed that those clones fall into two categories.
The first type (referred to as al) contains the 2.5-kb EcoRI
fragment, the second (referred to as a2) contains the 2.3-kb
fragment.

To understand the relationships between these two types
of clones, we performed cross-hybridization experiments
between al and a2 DNA. We found that, whereas sequences
contained in al hybridize only to the 2.3-kb band of a2, a2
sequences are able to hybridize to four bands of EcoRI-
digested a1l DNA. Subcloning of the two types of recom-
binant confirmed that the sequences of the 2.3-kb fragment
of a2 hybridize to sequences dispersed along 8 kb in al. The
mouse genome therefore seems to contain two endo A genes
in which sequence organization is different.

The sequence organization of al and a2 was compared by
electron microscopic analysis of heteroduplexed formed
between the two clones. The al gene was excised from the
\ vector by digestion with HindIII. This enzyme generated a
14-kb fragment that totally encompasses the sequences able

Abbreviations: kb, kilobase(s); bp, base pair(s).
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Fic. 1. Heteroduplex analysis of al and a2. (A) Electron micrograph of the heteroduplex formed between a1, excised from the A\ genomic
clone by Hindlll, and the 2.3-kb band of a2, cloned in the EcoRlI site of pBR322. To orient the molecule, the a2-containing plasmid was
linearized with HindIll, which does not digest a2 and cuts pBR322 at a single point close to the EcoRlI site. The long tail that does not hybridize
with al is thus pBR322. Arrows indicate the ends of al (large triangles) and o2 (small triangles). (B) Electron micrograph of the heteroduplex
formed between a2, prepared as described above, and poly(A)* RNA extracted from TDM-1 cells. (Bar = 1kb.) (C) Schematic map of a1l and
a2 genes, established from results of electron micrographs of DNA-DNA and DNA-RNA heteroduplexes, restriction nuclease analysis, and
nuclease S1 mapping. Ba, BamHI; S, Sma 1; P, Pvu 11; Ec, EcoRl: H, Hindll.

to hybridize to a2. This fragment was hybridized to the
2.3-kb fragment of a2 subcloned in pBR322. A micrograph of
a typical heteroduplex is shown in Fig. 1A. The hybridiza-
tion of al to a2 wal interrupted by seven loops of various
sizes. The total length of the hybridized sequences was 1650
+ 120 base pairs (bp) as calculated from measuremént of
more than 30 molecules. The total length of the single-
stranded loops was 5700 = 400 bp. To find out whether all
the single-stranded loops belong to the al gene or not, we
measured the total length of a2 nonhybridized sequences
plus the double-stranded region. The average length ob-
tained without takirg into account any loop was 6500 = 320
bp, which is in good agreement with the calculated size of
a2-containing pBR322 (6600 bp). It seems therefore that a2
does not contain any of the loops observed in the al-a2
hybrid. This conclusion is supported by DNA-RNA hybridi-
zation experiments performed between a2 and poly(A)*
RNA extracted, from TDM-1 cells (Fig. 1B). Only one
uninterrupted R loop was observed. Its total length was 1680
+ 110 bp, which is identical to the size of the double-
stranded part of the al-a2 heteroduplex molecule. Nuclease
S1 mapping analysis confirmed all these results and particu-
larly the size of the coding regions of al and a2, which were
estimated, by this technique, to be 1640 + 25 bp (data not
shown). This size corresponds to the length of the endo A
mRNA as mieasured by denaturing gel electrophoresis (see
below).

The simplest interpretation of these results is to assume
that the al gene encoding endo A is a total of 7.5 kb long and

is composed of eight coding segments separated by seven
intervening sequences. The other gene, a2, may be consid-
ered a pseudogene derived from a cDNA copy of endo A
mRNA (map in Fig. 1). This copy seems to be full length and
well-conserved, since restriction sites mapped in the al gene
are localized in the corresponding regions of the a2 gene
(Fig. 1). At the 5' end, two sites, Pvu Il and Sma 1, are
present in both genes, separated by the same segment of 115
bp. At the 3’ end, a BamHI site is found not only in al and
a2 but also at a similar position in the cDNA RecXVI.

Analysis of the 5 End Region of al. We analyzed the 5’ end
of the al gene by nuclease S1 mapping and sequencing. S1
mapping was carried out by using the Sma I/Sma I 295-bp
fragment (Figs. 1 and 2) localized at the 5’ end. This
fragment was cloned into M13 mp8 to prepare single-
stranded 32P-labeled probes. The cap site of endo A mRNA
extracted from TDM-1 cells was localized 20 bp upstream
from the Pvu II site, with an accuracy of =4 bp. As an
internal standard control, the Pvu I1/Sma 1 fragment was
used as a single-stranded probe in the same conditions.

When the RNA used for mapping was extracted from F9
cells, no signal was observed, even with this sensitive
technique. This supports previous observations of a tran-
scriptional block of endo A expression in F9 cells (9).

We sequenced the Sma 1/Sma 1 fragment (Fig. 3A). This
region presents the typical features of the 5’ end of a
eukaryotic gene (17). The cap site of endo A mRNA, as
measured by nuclease S1 mapping, is 20~24 bp downstream
from a “TATAA™ box and 78-82 bp upstream from the
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Fi1G. 2. Nuclease S1 mapping analysis. The structures of the
undigested and digested probes are schematized below the autoradi-
ograph. Numbers in parentheses indicate lanes in the gel. Lanes 1
and 2: Sma 1/Sma 1 probe not hybridized with RNA and not treated
with S1. Lane 3: Sma I/Sma 1 probe hybridized with 1 ug of
poly(A)* RNA extracted from TDM-1 cells. The protected segment
is 135 bp long. Lane 4: Sma 1/Pvu 11 probe not hybridized and not
digested. Lane 5: same probe hybridized with 1 ug of poly(A)*
TDM-1 RNA and digested with S1. Lane 6: Sma 1/Sma 1 probe
hybridized with 2 ug of F9 RNA. Lane 7: Pvu 1/Sma 1 probe
hybridized with 10 ug of F9 RNA. Lane 8: probe Sma 1/Sma I not
hybridized, treated with S1. Differences between the thearetical
lengths of the undigested probes and the sizes observed on gels are
due to the M13 mp8 polylinker and primer sequences, which are 50
bp long. These sequences are removed during S1 digestion.

initiation codon ATG. The region localized upstream from
the TATA box presents some peculiar structural features. A
12-bp palindroma is localized at —142 ‘and another 12-bp
palindroma, although potentially less stable, at —86. Two
inverted 7-bp repeats are found in the —140 to — 110 region
and a 7-bp sequence is repeated in the same orientation at
—90 and —60. The region containing these sequences is
particularly (G +C) rich.

Presence of a Repetitive Element in the a1 Gene. When the
total al gene was used as a probe on a Southern blot of
mouse genomic DNA, the specific bands were masked by a
dense smear indicating the presence of a repetitive element.
This repetitive sequence was localized in the third intron of
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the gene, between the BamHI and the EcoRlI sites (Fig. 1).
We sequenced this region and found that the repetitive
element belongs to the B2 family (18) (Fig. 3B). Discrepan-
cies between the sequence obtained and the B2 consensus
sequence (18) are limited to 14 nucleotides out of 190, which
is in the range of deviations observed among known B2
elements. All the B2 characteristics are observed, including
direct repeats on each side, promoter and terminator signals
for RNA polymerase I1I, and an (A + T)-rich region followed
by an oligo(dA) stretch of 20 nucleotides. Direct repeats of
12 bp (at position 10 and position 214) and of 9 bp (at position
34 and position 228), respectively, are flanking the B2
element of al. These two repeats share a 6-bp sequence. It
is intriguing to note that a typical TATA box can be found at
nucleotide 174, just downstream from a 20-bp sequence of
purine-pyrimidine alternation. Such a structure may be used
as a promoter element for RNA polymerase II (19).

We compared the relative levels of transcription of B2
elements and endo A in RNA from various types of cells and
tissues. We probed RNA blots with two types of probes—(i)
the a2 pseudogene, which contains all the coding sequences
of endo A (Fig. 4A), and (ii) a subclone of a1 containing the
B2 sequence and the fourth and fifth exons of endo A (Fig.
4B)—and found endo A to be expressed as a 1.6-kb RNA in
TDM-1, liver, and kidney cells but not in F9, 3T3, or L cells.
A small (0.6 kb) RNA hybridizing to B2 was detected at high
levels in F9 and at lower levels in L cells. In F9 cells, some
higher molecular weight RNA (1.6, 3.2, and 6 kb) also
contained B2 elements. One of these transcripts (the 3.2-kb
transcript) was also found in TDM-1 cells (Fig. 4B). All these
results were confirmed by hybridization of the same types of
RNA, carried out separately with either B2 or endo A
purified probes.

We observed that expression of the 1.6-kb endo A mRNA
seemed to exclude expression of the B2 0.6-kb RNA. In all
cell lines tested, we found that either B2 or endo A was
transcribed, or neither was transcribed (i.e., in 3T3), but we
never found coexpression of both B2 small RNA and endo A
in the same cell type.

DISCUSSION

We have isolated and characterized the genes encoding endo
A to set up an experimental model for studying gene regula-
tion both in embryonal carcinoma cells and during the first
differentiation of the mouse embryo. We found that endo A
is encoded by a 7.5-kb gene, al, that contains seven introns
and by a 1.65-kb pseudogene, a2, devoid of introns. The
definition of o2 as a pseudogene is supported by several
types of evidence: (i) hybridization of @l and a2 gives a
typical pattern of intervening sequences in the al gene; (ii)
a2 is devoid of introns; (iii) a2 presents a restriction pattern
identical to those of al in the coding region but different in
the flanking sequences, at both the 3’ and the 5’ ends; and
(iv) nuclease S1 mapping of the 5’ end of endo A mRNA
indicates only one capping site (i.e., only one type of
transcript), compatible with the 5’ sequence of al. It is thus
very unlikely that a2 is transcribed. a2 is probably a full-
length reverse copy of a processed endo A mRNA tran-
scribed from al. Such mechanisms of reverse copying are
now a well-established phenomenon and different types of
intronless nontranscribed pseudogenes have been described,
including p53 (20), Ki-ras (21), and the immunoglobulins
(22).

We have analyzed the 5’ end of the al gene to define the
capping site of the mRNA. The sequences localized at the 5’
end of a gene are generally assumed to be responsible for the
regulation of gene expression (17). The 5’ flanking sequence
of a1 contains the consensus signals for RNA polymerase 11
initiation and, upstream, (G+ C)-rich symmetrical struc-
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tures. Such (G + C)-rich structures have been described as
regulatory regions in the mouse metallothionein gene (23), in
human and rabbit globin genes (24), and in Drosophila hsp70
genes (25).

In the third intron of a1, we have detected a B2 sequence.
B2 is a family of interspersed repetitive elements, which are
scattered throughout the mouse genome (26). B2 sequences
have been found associated with single-copy genes (27).
These elements are transcribed and the RNA has been found
in both the nucleus and the cytoplasm, mainly as double-
stranded molecules (26). In the cytoplasm, the transcripts
are mostly detected as small (0.6 kb) poly(A)* RNA. We
have compared the level of expression of B2 and endo A in
various cell types and observed that the transcription of
endo A and of the B2 family is exclusive. The question is to

A FiG. 3. Partial nucleotide sequence
of the 5’ end of the third intron of al. (A)
Sequence of the 5’ end of al. The 5§’
capping region is schematized by dotted
lines, and the TATA sequence is boxed.
Bars a-a’' and b-b’ indicate palindromic
structures. Arrows underlaying the se-
quence indicate direct (nos. 1 and 2) and
inverted (no. 3) repeats. The coding por-
tion of the sequence is underlined and
translated. (B) Partial sequence of the
third intron of a1. Nucleotide 1 is 220 bp
from the EcoRlI site mapped at the begin-
ning of the third intron and nucleotide
239 is 32 bp from the BamHI site (see
Fig. 1). Direct repeats flanking the B2
element are boxed. Arrows indicate the
sequence shared by the two repeats.
Initiator and terminator sites for RNA
polymerase III are indicated by dots.
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determine whether or not this observation merely represents
a coincidence. Do such repetitive elements have a role in the
regulation of gene expression? The observation that repeat
sequence expression is associated, in various systems (28,
29), with developmental changes does not demonstrate di-
rectly any function but suggests, at least, a correlation with
the variation in gene expression. The hypothesis that a set of
unlinked genes could be coordinately regulated by means of
cis interactions with a common regulatory molecule retains
an attractive simplicity. This idea requires that some form of
homologous sequences are linked to genes that have to be
coregulated. The short interspersed repetitive sequences
might represent such regulatory elements. A short repetitive
“ID sequence’ has recently been found to be present in
genes transcribed only in rat brain (30). In cells in which
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Fic. 4. RNA blot of RNA. (A) The probe used was the pseu-
dogene a2. Lanes 1 and 2: 6 and 2 ug of TDM-1 RNA; lanes 3 and
4: 6 and 2 ug of F9 RNA. (B) The probe used contained both B2 and
endo A sequences. Lanes 1 and 2: 1 and 20 ug of TDM-1 RNA; lanes
2 and 4: 1 and 20 ug of F9 RNA; lanes 5, 6, 7, and 8: 2 ug of RNA
from kidney, liver, L cells, and 3T3 cells, respectively. In A,
samples were run on a 1% agarose gel. In B, agarose gels were 1%
except for samples in lanes 3 and 4, which were run on a 1.8% gel.

these brain-specific genes are expressed, the ID elements
themselves are also transcribed into small poly(A)* RNA by
RNA polymerase II1. These results have suggested a model
in which polymerase III transcription of ID sequences
located in introns of brain-specific genes would activate
these genes (31). No molecular evidence is available to
support this hypothesis. The observation of the mutually
exclusive expression of B2 and endo A suggests something
very different.

The isolation of the endo A gene provides a system for
analysis of the regulation of a protein that is expressed in the
trophectoderm but not in the inner cell mass cells of the
blastocyst. In embryonal carcinoma cells, the activity of this
gene is regulated at the transcriptional level. Since the
expression of endo A in embryonal carcinoma cells (9) as
well as in the early embryo (7) seems to be induced by a
topological event (i.e., the compaction/polarization proc-
ess) (32), this system may provide an insight into molecular
mechanisms directly related to a morphogenetical phenom-
enon.
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