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t ion of the housekeeping gene, giyceraidehyde 
3-phosphate dehydrogenase (G3PDH). Negative con- 
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reverse-transcribed RNA. A Southern blot of the sam- 
ples was hybridized for UFD7L or G3PDH. 
Human metaphase chromosome slides were pre- 
pared from Epstein-Barr virus-transformed lympho- 
blastoid cell lines or peripheral blood. Slides were 
hybridized wi th a genomic clone encompassing 
UFD7L that had been obtained by screening a human 
PI  artificial chromosome library wi th UFD7L-specific 
primers. FlSH analysis was performed according t o  R. 
Matsuoka et al. [Hum. Genet. 103, 70 (1998)l. Pa- 
tients wi th 22q l  l deletion had been characterized by 
FlSH using the N25 (Oncor) marker that does not 
encompass UFD7L. 
Whole-mount in situ hybridizations were performed 
wi th digoxygenin-labeled antisense riboprobes syn- 
thesized from the 700-bp open reading frame and the 
250-bp 3 '  untranslated region of mouse UFD7L cDNA 
(9). Embryos were photographed wi th and without 
clearing in benzyl benzoate:methyl salicylate (1 : l ) .  
For histologic analysis, stained embryos were embed- 

ded in paraffin after fixation. Transverse and sagittal 
sections were made at 8 - p m  intewals throughout 
the embryos. 

19. M. L. Kirby, T. F. Gale, D. E. Stewart, Science 220, 
1059 (1983). 

20. E. N. Olson and D. Srivastava, ibid. 272, 1069 (1996); 
M. L. Kirby and K. L. Waldo, Circ. Res. 77, 21 1 (1995). 

21. A research protocol for human studies was approved 
by the Institutional Review Board of the University of 
Texas Southwestern Medical Center. Informed con- 
sent was obtained from the parents for collection of 
blood and thymic tissue. Cenomic DNA was obtained 
from 10 individuals at Children's Hospital, Medical 
Center of Dallas, wi th normal karyotype and negative 
FlSH for 2 2 q l l  deletion, who had cardiac or cranio- 
facial defects, or both, typical of 2 2 q l l  deletion; 
DNA from 100 control individuals wi th normal karyo- 
type was also obtained. Genomic DNA extracted 
from human blood or thymic tissue (QIAamp blood 
kit, QIACEN) was digested wi th Eco RI or Hind Ill. 
transferred t o  nylon membranes, and hybridized t o  
32P-labeled UFDIL or CDC45 cDNA. 

22. Thymic tissue was collected from patients who were 
undergoing surgical repair of CHD, and tota l  RNA was 
extracted and used for cDNA synthesis. Northern 
analysis was performed on 20 p g  of tota l  thymic 
RNA and hybridized t o  a UFD7L cDNA probe. HIRA- 
and CDC45-specific amplimers were used t o  amplify 
the respective cDNAs. HIRA amplimers were: upper. 
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The vertebrate heart consists of two types of chambers, the atria and the 
ventricles, which differ in their contractile and electrophysiological properties. 
Little is known of the molecular mechanisms by which these chambers are 
specified during embryogenesis. Here a chicken iroquois-related homeobox 
gene, lrx4, was identified that has a ventricle-restricted expression pattern at 
all stages of heart development. lrx4 protein was shown to regulate the cham- 
ber-specific expression of myosin isoforms by activating the expression of the 
ventricle myosin heavy chain-I (VMHC7) and suppressing the expression of the 
atrial myosin heavy chain-I (AMHC7) in the ventricles. Thus, lrx4 may play a 
critical role in establishing chamber-specific gene expression in the developing 
heart. 

During e~nblyonic development, the ventri- 
cles and atria of the heart arise from a single 
tubular stmchlre ( I .  2). Mature atria and ven- 
tricles differ in their contractile and electro- 
physiological characteristics and express dis- 
tinct sets of genes (3, 4). Most of the known 
chamber-specific genes encode isoforms of 
contractile proteins, including the rnyosin 
heavy chains and light chains (4). The correct 
expression of these myosin isofonns is essen- 
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tial for e~nbryonic survival and proper fi~nc- 
tion of the mature heart (5 ) .  The mechanisms 
involved in regulation of these chamber-spe- 
cific patterns in the developing heart tube are 
unknown. Here we show that in chick hearts, 
this process requires the proper regulation of 
the iroqtrois-related homeobox gene Im4. 

The Irx4 gene was identified by a low- 
stringency hybridization screening of a chick 
e~nbryonic day 6 to 8 (E6-E8) retinal cDNA 
library, with probes derived from mouse and 
human EST clones that span the Ii.oqzrois 
homeodomains (6). The predicted open read- 
ing frame contains a l~omeodomain highly 
ho~nologous to those in the Drosopl~ila Iro- 
quois proteins (7, a), and it is most closely 
related to the human IRX4 (83% amino acid 
identity overall and 70% amino acid identity 
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outside of the homeodomain) (Fig. 1, and 
supplementary data available at www. 

A A 

sciencemag.org~feature/data:985642.shl) We 
have also identified a mouse IRX4 with 71% 
overall amino acid homology to chick Irx4 
(9).  

By in situ hybridization (lo), we detected 
Irs4 expression in the retina, a subset of 
nuclei in the hindbrain; the developing feath- 
er buds; and the heart (Fig. 1, B to D) (11). 
I ~ v 4  was highly expressed in the ventricular 
myocardium, but expression was absent from 
the atria or the distal outflow tract in the 
developing heart. Low levels of expression 
were observed in the proximal outflow tract. 
The ventricle-specific expression pattern was 
observed as early as stage 10 in the prospec- 
tive ventricular region and persisted in all 
developmental stages examined (Fig. 1, B to 
D, and Fig. 2). The expression of the mouse 
Ii~x-4 gene was similarly restricted to the ven- 
tricles in all stages of developing heart and 
adult heart (9). 

We next compared I n 4  with other genes 
known to have a chamber-restricted expression 
pattern in the developing chick heart. Ii:v4 ex- 
pression was first observed at Hamburger- 
Hamilton (HH) stage 10; when the developing 
heart is a linear tube. At stage 10; Iix4 expres- 
sion was already restricted to the middle portion 
of the heart tube, which corresponds to the 
prospective ventricles (Fig. 2B). The ventricle- 
restricted pattern persisted to later stages (Fig. 
2; E and H). In contrast to Iix4, ventricle my- 
osin heavy chain-1 (J4MHC1) gene expression 
was detected earlier and in regions of the heart 
tube destined to become both atria and ventri- 
cles (Fig. 2; A and D) (12). As with VMHCl, 
early atrial myosin heavy chain-1 (AMHCI) 
gene expression also was not restricted (Fig. 
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2F). Although previous studies suggested that AMHCl during its onset at late stage 10 to stage 
AMHCI is expressed only in the prospective 12 (an -10-hour window). As development 
atrial region (posterior) at stage 9 (13), we proceeded, AMHCl RNA became more abun- 
observed posterior and anterior expression of dant in the posterior and less abundant in the 

Fig. 1. (A) The open reading frame 
of the chick Irx4 gene predicts a 
485-amino acid protein (28) that 
includes a homeodornain (box), a 
putative transactivation domain rich 
in acidic amino acids (solid under- 
line, and an iro box (dotted under- 
line1 (8). These features are found in 
all known Iroquois family members. 
The GenBank accession number for 
chick lrx4 is AF0915M. Ex- 
pression patterns of lrx4 in 
the developing heart at stage 
19 B) E4 (sta 24) (C), and 
E9 k g e  35) f). In sit" hy- 
bridizations on h o l e  mount 
(B and C) and on a paraffin 
section of heart (D) are 
shown. Note that lrx4 is only 
expressed in the ventricles 
(V) of the heart, not in the . 
atria (A) or in the distal outflow tract (arrowheads). The section plane in (C) does not indude the 
outflow tract. Scale bar in (C) is common to (B), 100 p,m; bar in (D), 0.5 mm. 

Fig. 2. Expression patterns of lrx4, AMHC1, and VMHCl mRNAs in the early chicken heaR AU panels 
show hole-mount in situ hybridizations. Early expression of lrx4 (B, E, and H), VMHCl (A, D, and C), 
AMHCl (C, F, and I) at stage 9+ (A and C), stage 10 (B), stage 10+ (D, E, and F), and stage 13 (C, H, 
and I). The prospective ventricular (PV) region is anterior to the prospective atrial (PA) region. Note that 
expression of the lrx4 gene is restricted to the prospective ventricular region as early as stage 10, 
whereas both AMHCl and VMHCl are expressed throughout the heart tube initially. Chamber-specific 
expression of AMHCl and VMHCl began after stage 12. Scale bar, 100 pm. 

anterior. The restriction of AMHCI and 
VMHCl expression to different regions of the 
developing heart was obvious by stage 13 (Fig. 
2, G and I) when the morphological constriction 
between atria and ventricles became visible. A 
similar pattern of expression has been described 
for the quail homolog of AMHCI, slow MyHC 
3 (14). 

Two features of the spatiotemporal ex- 
pression pattems of Irx4 and myosin heavy 
chain (MHC) isoform genes are noteworthy. 
First, Irx4 expression was confined to the 
prospective ventricular region by stage 10, 
suggesting that the molecular specification of 
atria and ventricles occurs by this stage. Sec- 
ond, because the initial expression of 
AMHCI and VMHCI overlaps in the entire 
heart tube, chamber-specific expression ob- 
served later in development is probably 
achieved by down-regulation of AMHCl in 
the ventricles and down-regulation of 
VMHCl in the atria. Consistent with this 
hypothesis, slow MyHC 3 contains a negative 
regulatory element, mutation of which results 
in ectopic expression of slow MyHC 3 in 
ventricular cells (15). 

\ ,  

To define the role of Irx4 in cardiac de- 
velopment, we used both gain-of-function 
and loss-of-function approaches. A replica- 
tion-competent avian retrovirus (RCAS-11x4) 
(16), encoding full-length mouse 11x4 cDNA, 
was injected into the precardiac regions of 
stage 7-8 embryos (17). Injected embryos 
were incubated for another 5 days (E6) and 
analyzed by in situ hybridization. At E6 
(stage 29), expression of VMHCI and 
AMHCI is normally completely restricted to 
ventricles and atria, respectively. However, 
in hearts infected with RCAS-Irx4 virus, sub- 
stantial amounts of VMHCl mRNA were ob- 
sewed in the atria (Fig. 3A), and the normally 
high level of atrial AMHCI mRNA was 
markedly reduced (Fig. 3B). These pheno- 
types were observed in more than 90% of the 
injected hearts (n = 28). Hearts injected with 
a control virus encoding alkaline phosphatase 
did not show altered expression of VMHCI or 
AMHCI, demonstrating that the effect of 
RCAS-h4 is due to Zrx4 expression, and not 
to viral infection alone. In addition, VMHCI 
was never induced in the distal outflow tract 
in RCAS-h4-infected hearts, even though 
the infection was throughout the heart, sug- 
gesting that Irx4 function is limited to a 
predetermined field. Thus, misexpression of 
Zrx4 in the atria up-regulates VMHCl expres- 
sion and down-regulates AMHCl expression. 

To perturb the function of 11x4 in the 
ventricles, we introduced a putative dominant 
negative construct, RCAS-H+enr, by retrovi- 
ral infection. This construct encodes a fusion 
protein composed of the chick 11x4 homeodo- 
main and the repressor domain of the Dro- 
sophila Engrailed protein. Several studies 
(18) have shown that h i o n  of a DNA bind- 
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ing domain such as a homeodomain with the 
repressor domain of Engrailed can create a 
protein that interferes with transcriptional ac- 
tivation by the wild-type protein. This creates 
a dominant negative effect, as well as a po- 
tential gain-of-function effect due to active 
repression. At E6 (stage 29), AMHCI expres- 
sion was restricted to atria in uninjected em- 
bryos as well as in embryos injected with 
control viruses encoding either an irrelevant 
homeodomain fused with the Engrailed re- 
pressor domain or the Engrailed repressor 
domain alone (Fig. 3). In contrast, AMHCI 
was abundantly expressed in the ventricular 
myocardium of the hearts injected with 
RCAS-H+enr (Fig. 3, C to E). Ventricular 
expression of VMHCl was suppressed in 
>80% of the hearts (n > 40) injected with 
RCAS-H+enr (Fig. 3, F to H). These results 
demonstrate that 11x4 function is also re- 
quired to maintain a ventricular profile of 
myosin heavy chain gene expression. 

Both RCAS-h4-injected hearts and 
RCAS-H+enr-injected hearts displayed gross- 

ly normal morphology in both atria and ventri- 
cles. There were no detectable abnormalities in 
trabeculation or in the thickness of the myocar- 
dium layer in either chamber (11). This sug- 
gests that h 4  does not control morphological 
aspects of atrial or ventricular identity. Alterna- 
tively, the misexpression experiments may have 
missed a critical time window, produced insuf- 
ficient amounts of proteins, or the injected em- 
bryos may have died too early for a morpho- 
logical defect to be manifested. We also exam- 
ined the expression of endogenous 11x4 in the 
misexpression experiments by using a probe 
specific for the 5' untranslated region. No 
change of expression was detected in either 
RCAS-h4- or RCAS-H+enr-injected hearts, 
suggesting that In4  does not regulate its own 
expression (1 1). 

Because the initial expression of AMHCl 
and WHC1 is not chamber-specific, the ectop- 
ic expression of AMHCI and VUHCl in the 
misexpression experiments could have resulted 
from early derepression of these genes, rather 
than later reinduction. We therefore examined 

Fig. 3. Functional analyses of lrx4 in heart development. Recombinant retroviruses were injected into 
the cardiogenic regions at stage 7-8 in ovo. The injected hearts were harvested at E6 for further 
analyses. In situ hybridization on whole mount or cryosections of hearts were performed with VMHC7 
(A, F to H) or AMHC7 (B, C to E) probes. Results of misexpression of full-length lot4 are shown in (A) 
and (B). Compared with the uninjected controls (CTL) (Left), hearts infected with RCAS-11x4 virus (light) 
showed up-regulation of VMHC7 mRNA [arrow in (A)] and down-regulation of AMHC7 mRNA in the 
atria [arrow in (B)]. Results of misexpression of the dominant negative 11x4 construct are shown in (C) 
to (H). The control hearts were injected with the virus encoding the Engrailed repressor domain only 
(RCAS-enr) [CTL in (C) and (F)]. Hearts infected with RCAS-H+enr showed ectopic induction of AMHC7 
mRNA [arrow in (C)] and down-regulation of VMHC7 mRNA in the ventricles [arrow in (F) . The results 
were confirmed by in situ hybridization on crymections of hearts injected with RCAS-enr ID and G) or 
RCAS-H+enr (E and H), probed with AMHC7 (D and E), or VMHC7 (G and H). Cross sections through 
ventricles are shown. Induction of AMHC7 in the ventricles of RCAS-H+enr-injected hearts was within 
the myocardium. Scale bar in (B) is common to (A), (C), and (F), 0.5 mm; bar in (D) is common to (E), 
(G), and (H), 25 Fm. 

the infected embryos at earlier stages. At 24 
hours after infection (stage 13), when restricted 
expression was first detected, neither RCAS- 
h 4  nor RCAS-H+enr affected the expression 
of AMHCI or WHCI. This was expected be- 
cause -24 hours is required for viral propaga- 
tion and viral gene expression. At 48 hours after 
infection, -20% of the hearts showed some 
ectopic induction of AMHCl or V M H C I .  Thus, 
Im4 can affect MHC gene expression after the 
initial segmental restriction is completed. A 
minimum delay of 48 hours may also explain 
the observation that only a subset of cells re- 
sponded to the viral misexpression (Fig. 3, E 
and H) even though the hearts were completely 
infected. 

Several transcription factors, Nkx2-5, 
GATAs, MEF2s, dHAND, and eHAND, have 
been shown to play critical roles in heart devel- 
opment (2), but none is expressed in the heart in 
a manner that suggests a role in establishment 
or maintenance of atrial versus ventricular char- 
acteristics. 11x4 is expressed only in the ventri- 
cles at all stages of heart development. More- 
over, chick, mice, and zebrafish all show ven- 
tricle-specific expression of Im4 (9, 19), sug- 
gesting that Irx4 has an evolutionarily con- 
served role in heart development. Although fate 
mapping studies indicate that atrial and ventric- 
ular lineages in the precardiac mesoderm are 
separated during or shortly afler gastrulation 
(stage 5 in chick) (20), cells are not committed 
to the atrial or ventricular fates until much later 
(21). Once committed, the cardiac cells rnain- 
tain the expression of the proper contractile 
isoforms even when they are grafted into the 
opposite cardiac chamber, suggesting that an 
intrinsic factor (or factors) is responsible for 
maintaining this chamber-specific expression 
pattern (22). Our results indicate that Irx4 can 
alter the MHC expression profile after the 
chamber-specific pattern is established. Thus, 
Irx4 may be a maintenance as well as detennin- 
ing factor in the development of the cardiac 
chambers. 

The roles that Irx4 plays in regional speci- 
fication within the heart tube is reminiscent of 
the functions of other Iroquois family members 
in regionalization of the Drosophila wing discs 
(3, eye disc (8), and neural precursor domain in 
Xenopus (23). As noted for other family mem- 
bers (7, 24 ,  additional factors may act in con- 
cert with Irx4 to specify multiple aspects of the 
chamber identities. It is intriguing that a home- 
odomain protein expressed only in the ventricle 
establishes the myosin isoform profiles in both 
atrial and ventricular chambers. This implies 
that the contractile characteristics of the cardiac 
chamber may be determined by imposition of a 
ventricular phenotype over a default atrial fate, 
by the action of Irx4 in the ventricles. 
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Nonmethylated Transposable 
Elements and Methylated Genes 

in a Chordate Genome 
Martin W. ~immen,'" Sabine leitgeb,'* Jillian Charlton,' 

Steven J. M. J ~ n e s , ~  Barbara R. H a r r i ~ , ~  Victoria H. Clark,' 
Adrian Birdl-f 

The genome of the invertebrate chordate Ciona intestinalis was found to be a 
stable mosaic of methylated and nonmethylated domains. Multiple copies of 
an apparently active long terminal repeat retrotransposon and a long inter- 
spersed element are nonmethylated and a large fraction of abundant short 
interspersed elements are also methylation free. Genes, by contrast, are pre- 
dominantly methylated. These data are incompatible with the genome defense 
model, which proposes that DNA methylation in animals is primarily targeted 
to  endogenous transposable elements. Cytosine methylation in this urochor- 
date may be preferentially directed to genes. 

DNA ~nethylatioll in the dinucleotide sequence 
5'-CpG can silence transcription. The genome 
defense model ( I )  posits that the primary role of 
methylation in animal genomes is to repress 
potentially damaging transposition of endoge- 
nous elements. By analogy with fungal systems 
(4, the elements are hypothesized to be targets 
for methylation because of their repetition in 
the genome (3). The hypothesis is difficult to 
test t l~ough analysis of the globally methylated 
mammalian genome. We therefore studied the 
specificity of lnethylatioll in a fractionally 
methylated genome belonging to the sea squirt 
Cionii ii~testinalis, an invertebrate member of 
the chordate phylum. Like nlost invertebrate 
genomes, that of C. intestiiiulis contains com- 

parable amounts of methylated and nonmethy- 
lated DNA (4). We reasoned that any bias in the 
distribution of transposons or genes between 
the two fractions should therefore be readily 
detectable. 

Three cosmids containing C. intestinulis 
genomic DNA were studied in detail (5). The 
cosmids were sequenced, and the locations of 
likely protein-coding regions were deter- 
mined by GENEFINDER exon-prediction 
software ( 6 )  and database homology searches 
(Fig. 1, A through C). Putative proteins en- 
coded by 10 of 13 potential genes showed 
similarity to known proteins. A systematic 
search for repetitive elements anlong the cos- 
mid sequences and 1486 short random 
genonlic sequences ( 5 )  identified four trans- 
oosable elements belonging to recognizable - - - 

'Institute o f  Cell and Molecular Biology, University o f  families (7 ) :  a gypsy;'Ty3-like loIlg termillal 
Edinburgh, The King's Buildings, Edinburgh EH9 3JR, 
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repeat (LTR) retrotransposon (Cigi.-1), a long 

Campus, Hinxton,  Cambridge CBlO ISA, UK. interspersed element (LINE)-like element - 
*These authors contributed equally t o  this work. 

(Cili-1), a miniature inverted repeat (Cin~i-1), 

t~~ whom correspondence should be addressed, E. and a composite short interspersed element 
mail: A.Bird@ed.ac.uk (SINE) (Cics-1) with consensus RNA po- 
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