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A Chicken Transferrin Gene in Transgenic Mice 
Escapes X-Chromosome Inactivation 

Mammalian X-chromosome inactivation involves a coordinate shutting down of 
physically linked genes. Several proposed models require the presence of specific 
sequences near genes to permit the spread of inactivation into these regions. If such 
models are correct, one might predict that heterologous genes transferred onto the X 
chromosome might lack the appropriate signal sequences and therefore escape inacti- 
vation. To determine whether a foreign gene inserted into the X chromosome is subject 
to inactivation, transgenic mice harboring 11 copies of the complete, 17-kilobase 
chicken transferrin gene on the X chromosome were used. Male mice hemizygous for 
this insert were bred with females bearing Searle's translocation, an X-chromosome 
rearrangement that is always active in heterozygous females (the unrearranged X 
chromosome is inactive). Female offspring bearing the Searle's translocation and the 
chicken transferrin gene had the same amount of  chicken transferrin messenger RNA 
in liver as did transgenic male mice or transgenic female mice lacking the Searle's 
chromosome. This result shows that the inserted gene is not subject to X-chromosome 
inactivation and suggests that the inactivation process cannot spread over 187 
kilobases of  DNA in the absence of  specific signal sequences required for inactivation. 

X -CHROMOSOME INACTIVATION IN 
mammalian females represents a 
unique kind of gene regulation in 

two respects. (i) The active and inactive 
states of each gene are maintained in the 
same nucleus, in contrast to the typical 
tissue-specific genes in which both copies of 
a gene are either active or inactive. (ii) The 
phenomenon involves not a battery of dis- 
persed genes but most of the genes of a 
chromosome. X-chromosome inactivation 
(XCI) probably is initiated at a single site on 
the chromosome ( I ) .  The inactive state then 
spreads along the chromosome, encompass- 
ing all but the limited X-Y pairing and 
recombination region. In X-autosome trans- 
locations, the inactive state may spread into 
the autosome, may fail to do so, or may 
"skip" proximal autosomal regions while 
spreading into more distal ones (2). 

A key question in our understanding of 
the XCI process is whether specific regula- 
tory DNA sequences are required to render 
certain chromosomal regions susceptible to 
XCI and other regions immune. We report 
here a study of XCI in transgenic mice 
having the complete chicken transferrin 
gene, including 2.2 kb of 5 '  and 3.7 kb of 3' 

flanking sequence, on the X chromosome. 
McKnight et al, described the preparation of 
these mice and showed that 11 copies of the 
chicken transferrin gene were located on the 
X chromosome and were preferentially ex- 
pressed in liver (3 ) .  We used complementary 
DNA (cDNA) solution hybridization tech- 
niques (Table 1) to determine the relative 

1 \ 

expression of the chicken transferrin gene in 
hemizygous males and in heterozygous fe- 
males. If the transferrin insert were subject 
to XCI, the livers of heterozygous females 
should be a mixture of cells having the 
transferrin gene on the active X and those 
having the gene on the inactive X, whereas 
all liver cells of a male would express the 
inserted gene. Thus heterozygous females 
should produce a lower overall quantity of 
message than the males. Although our data 
showed no significant difference in transfer- 
rin gene expression between males and fe- 
males (Table l ) ,  variation in our assay sys- 
tem did not permit us to exclude the hypothe- 
sis of a twofold difference in ex~ression be- 
tween the available males and females. 

To definitively show whether the chicken 
transferrin gene on the mouse X chromo- 
some was subject to XCI, we took advantage 

of the Searle's translocation (4), a reciprocal 
exchange between the X chromosome and 
chromosome 16. When heterozygous in fe- 
males, both segments of the rearranged X in 
Searle's translocation are active, whereas the 
normal chromosome is nonrandomly inacti- 
vated in all cells (5). We could therefore 
produce female mice heterozygous for 
Searle's translocation with the transferrin 
gene on the normal X chromosome and 
expect that the chromosome bearing the 
chicken transferrin gene would be inactive. 

We mated males hemizygous for the 
chicken transferrin gene to females lacking 
the transferrin insert but heterozygous for 
the Searle's translocation with the unrear- 
ranged X chromosome marked with the 
Tabby (Ta) gene. All female offspring should 
have the chicken transferrin gene on an 
otherwise normal X chromosome, and this 
was confirmed by hybridization of the trans- 
ferrin gene probe to dot-blotted DNA sarn- 
ples prepared from tail (6). Females inherit- 
ing the normal X chromosome instead of the 
Searle's rearrangement were identified by 
the T a  heterozygous phenotype, whereas 
females containing the Searle's translocation 
would appear phenotypically normal (7). 
The phenotypically normal female mice 
were killed, and livers were assayed for 
chicken transferrin gene expression. All 
three Searle's females tested showed levels of 
transferrin gene expression that were not 
significantly different from levels observed 
in transgenic males, demonstrating that the 
chicken transferrin gene insert was not inac- 
tivated when on the inactive X chromosome 
(Table 1). We cannot rule out the possibility 
that the level of expression of the transferrin 
gene insert on the inactive X is somewhat 
lower than that on the active X, or that some 
of the 11 copies of the gene are active while 
others are not. However, it is clear that 
complete inactivation does not occur. 

In this report, we have demonstrated that 
11 copies of the complete chicken transfer- 
rin gene, introduced onto the X chromo- 
some of transgenic mice, escaped complete 
XCI. A gene inserted into the X chromo- 
some might escape XCI because (i) it is 
located in the limited X-Y pairing and re- 
combination region of the X chromosome, 
which normally escapes XCI, (ii) the insert- 
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Table 1. Chicken transferrin gene expression in 
heterozygous female and hemizygous male mice 
and in female mice heterozygous for the chicken 
transferrin gene and Searle's translocation. 

Transferrin gene expression* (pglpg) 

Females Searle's 
Males heteroqgotes 

.% (SD) n f (SD) n f (SD) n 

Experiment 1 
4.2(1.5) 4 6.5(1.6) 4 8.1 1 

Experiment 2 
7.1(2.7) 2 6 5 ( )  2 4.3(0.7) 2 

Experiments I a d  2 
5.2(2.2) 6 6.5(1.4) 6 5.6(2.2) 3 

*The chicken transferrin gene expression assay was car- 
ried out bv solution hybridization of a 3H-labeled chick- 
en transfeirin cDNA to total nucleic acid prepared from 
mouse liver, as described (23). Each hybrid~zation was 
carried out at three different nucleic acid concentrations. 
A standard curve was made simultaneouslv from samoles 
containing known quantities of chicken dviduct mess'en- 
ger RNA. Values are expressed as icograms of chicken 
transferrin RNA per microgram oftotal nucleic acids in 
liver tissue, plus or minus standard deviation. A value of 
approximately 5.5 pglwg is equivalent to about 66 
message molecules per cell and is in agreement with 
previous reports o message level in this transgenic 
mouse line (3) .  Nonliver tissues gave values approximate- 
Iv 1\10 those of liver (3). Control mouse livers lacking 
ihe chicken mansferrin gene showed negligible hybridiza- 
tion to the probe. 

ed gene or region lacks specific signal se- 
quences that are required for XCI, or (iii) 
the insert has some sequence composition 
that renders it resistant to XCI. 

It does not appear that the transferrin 
gene insert is in the pairing and recombina- 
tion region of the X chromosome, because 
we have observed no recombination be- 
tween the X and Y chromosomes involving 
this locus, among more than 130 informa- 
tive progeny tested. In contrast to this in- 
sert, the Sts locus, which is the only known 
gene on the mouse X chromosome that 
normally escapes XCI, undergoes obligatory 
recombination between the X and Y chro- 
mosomes (8). Therefore the transferrin gene 
insert is not linked to the Sts locus and is 
likely to be outside the region of the chro- 
mosome that normally escapes inactivation. 
Experiments are in progress to map the 
insert precisely. 

The Sts gene in the limited X-Y pairing 
region of the mouse X chromosome, as well 
as many autosomal genes in X-autosome 
translocations, is known to escape XCI (1, 
8j. Because few of these genes have been 
cloned or characterized, we have little in- 
sight into the question of whether specific 
sequences may be protecting these genes 
from XCI. The introduction of foreign or 
autosomal genes onto the X chromosome of 
mice through germline transformation, 
however, allows us to compare the abilities 
of known DNA sequences to undergo XCI. 
Two such cases are now available-that 

reported here and the mouse autosomal a- 
feioprotein (AFP) gene inserted onto the X 
chromosome (9). - 

Krumlauf et al. studied the behavior of a 
mouse AFP minigene on the X chromosome 
of transgenic mice (9). Although the gene is 
normally autosomal, it was correctly inacti- 
vated in fetal liver tissue when present on 
the inactive X chromosome.   his finding 
suggests that there are no sequences unique 
to the X chromosome that are required in 
the 5' control regions or in the coding 
sequence of a gene in order for XCI to 
occur. These results are in agreement with 
previous reports of the spreading of XCI 
into translocated autosomal genes (1 0). 

Three important differences between our 
experimental system and that of Krumlauf et 
al. (9) may shed light on the contrasting 
results. (i) They used a minigene construct, 
while we used an intact gene. (ii) Total 
insert size was 187 kb in the transferrin 
transgenic mice, but less than 45 kb in the 
AFP mice. (iii) The transferrin gene was 
cloned from chicken, an organism in which 
XCI does not occur, while the AFP gene was 
from a mouse. The difference in our results 
might be due to the nature of the inserted 
sequences, the amount of DNA inserted, the 

of the insert on the chromosome, 
or a combination of these factors. 

If specific sequences are required for XCI, 
one might expect to find sequences common 
to all X-linked genes, but lacking in genes 
that escape XCI. Sequence data are now 
available for the control regions 
of several X-linked genes, including human 
Pdk ( l l ) ,  mouse and human Hprt (12), 
human G6pd (13), human Factor VIII (14), 
and Factor IX (15). Analvsis of these se- 
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quences has failed to reveal any sequence 
common to the 5' regions ofX-linked genes. 
Therefore, any regdatory sequences-com- 
mon to all X-linked genes must lie outside 
the regions that have been sequenced or 
must lack extensive homology. 

There is good evidence that XCI involves 
DNA methylation in CpG-rich islands near 
housekeeping genes (1, 16). We hypothe- 
sized that the chicken transferrin and mouse 
AFP genes might behave differently with 
respect to XCI because of a difference in 
the-ir content of methylatable sequences. We 
analyzed the sequences of the 5' regions of 
these genes and found that the chicken 
uansfeFrin gene promoter (17) actually had 
a higher dG + dC content than the AFP 
promoter ( la) ,  and a marginally greater 
fraction of CpG dinucleotides, although nei- 
ther region had CpG-rich islands. Thus, we 
have no evidence that the different behavior 
of these two genes results from a difference 
in number of methylatable sites, although 
we cannot rule out the possibility that criti- 

;?I CpG sites on the AFP gene are absent in 
the trmsferrin gene. 

We hypothesize that the chicken transfer- 
rin gene insert escapes XCI because it occu- 
pies a region that is too large to undergo 
XCI in the absence of specific signal or 
recognition sequences ordinarily present at 
intervals along the inactivated region of the 
X chromosome. Chromosomal DNA in ver- 
tebrates is organized into discrete regions or 
domains of about 100 kb in length that are 
anchored to a protein matrix and form 
torsionally independent loops (19). These 
domains appear to be functional units in 
that the region as a whole may take on 
soecific conformational characteristics when 
the region is capable of transcription (20). 
We propose that the hnctional unit of the 
soread and maintenance of XCI is such a 
chromatin domain. Because this domain is a 
unit considerably larger than the transcrip- 
tional unit itself, we predict that signal 
sequences required for XCI need occur only 
once per domain. Some autosomal genes are 
inactivated in X-autosome translocations be- 
cause they occur in domains that have signal 
sequences. Others lack these sequences and 
therefore escape inactivation. The chicken 
transferrin gene, we believe, escapes inacti- 
vation because the 187-kb expanse in which 
it is found forms one or more independent 
domains that lack XCI signal sequences. The 
mouse AFP insert is subject to XCI either 
because it has such sequences or because it is 
included in a domain that has these se- 
quences and therefore is already subject to 
XCI. 

The nature of specific sequences required 
for XCI remains obscure. Cullen et al. (21) 
have suggested that CpG-rich islands (22) 
occurring at intervals of approximately 100 
kb may be important in XCI. Competence 
for XCI may depend on the presence of such 
an island in each chromatin domain. The 
absence of such a CpG island in the 17-kb 
chicken transferrin gene insert is consistent 
with this notion. 
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Asymmetries in Mating Preferences Between Species: 
Female Swordtails Prefer Heterospecific Males 

MICHAEL J. RYAN AND WILLIAM E. WAGNER, JR. 

In male swordtails FTiphopbmus nigrensis) there are three size classes that derive from 
allelic variation at the pituitary locus on the Y chromosome. Progeny analysis and 
preference tests suggest that females prefer to mate with larger males. In the closely 
related X. py~maeus, there is no allelic variation at this locus; this species consists of 
males similar in size only to smaller X. nigrensis males. In addition to being smaller 
than mostX. nigrensis males, theseX.py~mmus males also lack both the swordtail and a 
major component of the courtship display common in mostX. nigrensis males. Usually, 
female X. pyBmmus prefer to mate with heterospecific males rather than conspecifics, 
regardless of body size and the presence of a swordtail. However, the smallest X. 
nigrensis males lack the same courtship component as do theX. pypaeus males, and in 
this comparison female X. pyBmmus show no preference. Although sexual selection, 
through its action on divergence of courtship displays, has been implicated as a factor 
leading to speciation, in this case sexual selection could lead to the congealing of gene 
pools between heterospecifics. 

I N MANY SPECIES, MATING ATTEMPTS BY 

a male can be successful only with the 
cooperation of the female. Female 

choice can have important effects at two 
levels: it can result in mating with conspe- 
cifics instead of heterospecifics (interspecies 
discrimination), and it can enhance the mat- 
ing success of some conspecific males rela- 
tive to others (intraspecies discrimination). 
Mate choice usually is hierarchical; intraspe- 
cies discrimination, or sexual selection, acts 
within the constraints of interspecies dis- 
crimination, or species recognition. Further- 
more, researchers have suggested that diver- 
gence of courtship signals under sexual se- 
lection can lead to speciation as individuals 
from different populations fail to recognize 
one another as conspecific (1). We report 
that females of two species of swordtail 
(Xiphophorus, Poeciliidae family) exhibit 
preference for mates and that in one species 
females prefer heterospecific males to their 
own conspecifics. This heterospecific prefer- 
ence results from lack of a courtship display 

comDonent in cons~ecific males combined 
with similar preference b~7 females of both 
species for full courtship display. These data 
suggest that sexual selection can not only 
have a diversifying effect, as suggested above 
( I ) ,  but can also override species recogni- 
tion and potentially act as a congealing force 
benveen closely related species. 

Many species o f ~ i p h ~ h o r u s  are character- 
ized by considerable variation in bod~7 size 
(2). Much of this variation is heritable [for 
example, greater than 90% for the Rio 
Choy, Mexico, population of X. nbrenszs 
(3)1, and it results from allelic variation at 
the- pituitary (P) locus on the Y chromo- 
some (2). In species with a greater number 
of alleles at the P locus, body size is distrib- 
uted continuously, but in X, nigrensir from 
the Rio Choy, there are only three alterna- 
tive alleles at the P locus, which results in 
three discrete bodv size classes (2). Sword- , , 
tails have internal fertilization, females 
choose their mates, and less preferred males 
attempt to force copulation with females (4, 
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5 ) .  Paternity analysis of progeny from fe- 
males collected in the field demonstrates a 
mating advantage for larger males in X. 
nigrensis (6). Laboratory tests reveal female 
mating preferences for these larger males 
that are consistent with the greater mating 
success of larger males in nature (6). 

We wanted to determine if this preference 
for large males in X. nigrenszs could be 
generalized to  closely related species. If so, 
females of closely related species that did not 
have large males should prefer to mate with 
heterospecifics. This preference would con- 
stitute a unique example of mate choice 
overriding considerations of species recogni- 
tion, and would demonstrate sexual selec- 
tion that potentially gives rise to heterospe- 
cific preference. Xiphophorus pydmaeus and 
X, nigrensis are allopatric and closely related 
(7). In the former species, the P locus also 
influences male bod~7 size, but onl~7 the allele 
that results in smaller males is present (3) .  
Therefore, we tested the hypothesis of heter- 
ospecific preference by giving female X. 
pydmaew a choice between their own con- 
specific and a larger X. nig-rensis male. 

Xiphophorus pydmaeus contains gold and 
blue males; thus in these initial tests females 
were tested with either a gold [26 mrn 
standard length (SL)] or a blue conspecific 
male (26 mrn SL) against a larger heterospe- 
cific (37 mm SL). Eleven females were 
tested in four trials: twice with a blue con- 
specific-heterospecific pair, and twice with a 
gold conspecific-heterospecific pair. The 
testing apparatus was an aquarium (45 by 
90 by 4 1  cm) that was divided into five 
equal sections. The sections at each end were 
separated from the three central sections by 
plexiglass. A male was placed in each of 
these end sections. The plexiglass partition 
ensured that females were exposed only to 
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