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UDP-Glucose Dehydrogenase 

Required for Cardiac Valve 


Formation in Zebrafish 

Emily C. Walsh and Didier Y. R. Stainier* 

Cardiac valve formation is a complex process that involves cell signaling events 
between the myocardial and endocardia1 layers of the heart across an elaborate 
extracellular matrix. These signals lead to marked morphogenetic movements 
and transdifferentiation of the endocardial cells at chamber boundaries. Here 
we identify the genetic defect in zebrafish jekyll mutants, which are deficient 
in the initiation of heart valve formation. The jekyll mutation disrupts a ho- 
molog of Drosophila Sugarless, a uridine 5'-diphosphate (UDP)-glucose dehy- 
drogenase required for heparan sulfate, chondroitin sulfate, and hyaluronic acid 
production. The atrioventricular border cells do not differentiate from their 
neighbors in jekyll mutants, suggesting that jekyll is required in a cell signaling 
event that establishes a boundary between the atrium and ventricle. 

Cardiac valves form at chamber boundaries developing endocardium ( 7 ) .  In wild-type 
and function to prevent retrograde blood flow embryos, endocardia1 cells cluster at the AV 
through the heart. Extensive work in a chick boundary at the onset of valve formation at 
explant system has revealed some of the cel- 43 hpf (Fig. IC). However, in mutant hearts 
lular interactions necessary for valve forma- this clustering fails to occur (Fig. ID), indi- 
tion (1).Endocardia1 cells at the boundary cating that jehyll function is required for this 
between the atrium and ventricle are prepat- early endocardia1 morphogenetic event. 
terned to receive a signal from the overlying To gain further insight into the jehyll 
myocardial cells. This myocardial signal in- valve defect, we isolated the disrupted gene 
duces the endocardia] cells to undergo an by synteny cloning. We localized jehyll to a 
epithelial-to-mesenchymal transition, thereby centromeric region of linkage group 1 using 
initiating the formation of prevalvular cush- bulk segregant analysis (8)of embryos geno- 
ions that are later remodeled to form the typed for polymorphic CA repeat markers. 
valves proper. Recent work has implicated We then performed fine mapping of the re- 
transforming growth factor-p family mem- gion with 15 polymorphic markers on 200 
bers in the myocardial-to-endocardia1 signal- wild-type haploid embryos and found close 
ing event that induces endocardia] cushion linkage between jebll1 and three of these 
formation (2-5). However, the mechanism by markers. Next, we genotyped an additional 
which myocardial cells at the atrioventricular 1150 affected diploid embryos with those 
(AV) boundary acquire the competence to three markers as well as for a polymorphism 
send that signal is not known. in the 3'-untranslated region of ldb3 (9). 

Large-scale screens in zebrafish have These studies allowed us to further narrou 
identified several mutations that affect cardi- the jekyll interval to a 0.5-centimorgan region 
ac valve formation, the most severe of which (Fig. 2A). 
is the recessive mutation jehyll (6 ) .  jekyll Examination of the emerging map of the 
mutant embryos exhibit pericardial edema jelpll region revealed a striking conservation 
and toggling of blood between the two cham- of synteny with a region of human chromo- 
bers of the heart (compare Fig. 1, A and B). some 4p. Taking advantage of this conserved 
Together these phenotypes are generally in- synteny. we mapped four zebrafish expressed 
dicative of defective AV valve function and sequence tags (ESTs) with sequence similar- 
are consistent with previous observations that ity to human genes in this 4p region. One of' 
.jehyll mutant hearts lack valve tissue at 48 these ESTs, corresponding to a homolog of 
hours postfertilization (hpf) (6). To analyze the sugarless gene (known as UDP-glucose 
endocardia1 morphology in vivo, we generat- dehydrogenase in humans and by convention. 
ed a line of jehyll heterozygotes bearing an referred to as zcgdh hereafter), was found by 
integrated mouse tie2 promoter driving green radiation hybrid mapping to lie between two 
fluorescent protein (GFP) expression in the markers closely flanking the jekyll locus. Se-

quence analysis of cDNA prepared from 
wild-type and mutant embryos revealed a T 

Department of Biochemistry and Biophysics, Pro- to A change at base pair 992 in the mutant grams in Developmental Biology, Genetics and Hu-
man Genetics. University of California, San Francisco, allele. G e n o t ~ ~ i n g  for this change revealed 
CA 941 43-0448, USA. no recombination between jebdl and the ob- 
*TO whom corresDondence should be addressed. E- served lesion in 2870 meioses (Fig. 2. A and 
mail: didier_staini~r@biochem.ucsf.edu B) (10). The T to A change results In an 
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Ile-to-Asp substitution at residue 331 (11). 
Ile-331 is conserved in Drosophila, human, 
and zebrafish Ugclh and is situated in a pocket 
o f  nonpolar amino acids in the "hinge" o f  the 
omega loop "gate" that allows UDP-glucose 
access to the active site o f  the enzyme (Fig. 
2C) (12). This Ile-to-Asp substitution is like- 
l y  to affect enzyme activity. 

Ugdh enzymatic activity is required for 

Fig. 1. Comparison of 
wild-type and jekyll mu- 
tant heart morphology. 
Wild-type (A) and mutant 
(0) embryos at 48 hpf; 
lateral view, anterior to  
the left. Pericardial edema 
surrounds the jekyll mu- 
tant heart and blood has 
accumulated in both 
chambers [at this stage 
the ventricle is anterior 
(to the left) and in this 
embryo, the atrium is 
slightly obscured by a skin 
melanocyte]. Arrows 
point to  the heart. tie2- 
CFP allows visualization 
of wild-type (C) and mu- 
tant (D) endocardial mor- 
phology at 43 hpf; lateral 
view, anterior to  the top 
and dorsal to the left. Ar- 
rows indicate the AV 
boundary where endocar- 
dial cells cluster in. wild- 
type embryos at the on- 
set of valve formation. 
wt, wild-type. Bars, 140 pm. 

the conversion o f  UDP-glucose into UDP- 
glucuronic acid, a critical component o f  hy- 
aluronic acid, heparan sulfate, and chon- 
droitin sulfate glycosaminoglycans (13). Oth- 
er mutations that affect the production o f  
heparan sulfate proteoglycans in vertebrates 
result in defects during gastrulation. These 
include a targeted mouse mutation in the 
heparan sulfate glycosyltransferase, EXTI 

(14), and the zebrafish knypek mutation, 
which disrupts a Glypican homolog (15). The 
jekyll mutation, which should affect the pro- 
duction o f  heparan sulfate at the earliest step 
in the pathway, shows no obvious phenotype 
until organogenesis stages. One explanation 
for this incongruity is that zebrafish ugdh 
rnRNA is provided maternally. Indeed, 
whole-mount in situ hybridization analyses 
reveal the presence o f  ugdh mRNA at the 
four-cell stage (II), whereas zygotic tran- 
scription begins at the 1000-cell stage. Ex- 
pression domains in the otic vesicle, heart, 
and branchial arches in older embryos (30, 
37, and 48 hpf, respectively) are consistent 
with the jekyll mutant phenotypes reported 
here and previously (16). 

Morpholino antisense "knockdown" (1 7) 
o f  ugdh translation phenocopies the jekyll 
mutation (Fig. 2, D to I). Interestingly, this 
phenocopy can be achieved only by  geneti- 
cally sensitizing the injected embryos. Such 
sensitization can be attained in two ways: by  
halving the maternal product through the use 
o f  embryos generated from a cross between a 
jekyll heterozygote female and a wild-type 
male, in which case 90% o f  the antisense- 
injected embryos displayed the jekyll pheno- 
type, or b y  halving the zygotic transcription, 
i.e., use o f  embryos from a jekyll heterozy- 
gote male and a wild-type female, in which 
case 35 to 50% o f  the antisense-injected em- 
bryos were affected. This sensitization is 
l ikely due to the decrease o f  early ubiquitous 
maternal and zygotic expression o f  the jekyll 

Fig. 2. The jekyll locus encodes Ugdh. (A) Integrated A 21154fMhf fzosso ~ ~ Y I I  m3 ~ 7 4 7 6 f ~ c h 1 1  6974 

genetic and radiation hybrid (RH) maps of the jekyll 1 e 4 3  2 19 

region illustrate the relationships between genes and ugdh 
CA-repeat "z" markers. Numbers below the line indicate 
the number of recombination events seen in 1150 diploid B wildtype jekyll 
and 176 haploid embryos tested. Four zebrafish ESTs 
were chosen for RH mapping because they encode ho- 
mologs of genes near SLIT2, LDB3, and UCHL7 on human 
chromosome 4p. One of the four, a clone encoding a 
protein with 84% amino acid identity to  human UCDH, 
maps between slit2 and ldb3, two genes that flank the 
jekyll locus. (0) Sequencing of ugdh cDNA revealed a T to  G A A A A T C  G A A A A A C  
A change at base pair 992 in the jekyll mutant. This 
mutation results in an Ile-to-Asp substitution at residue 
331. (C) lle-331 sits in a nonpoiar pocket of the enzyme 
as illustrated in these rasmol images of the bovine UCDH 

72 hpf 96 hpf 

t- 
e- 

crystal structure (72, 38). The Ile is colored in green, the 
nonpolar amino acids are in white, and the polar ones are 
in blue. (D to I) Antisense "knock-down" of ugdh pheno- 
copies the jekyll mutation [(D to  F) uninjected wild-type; 
(C to  I) morpholino-injected]. (D and C) Injection of ugdh 
morpholino into sensitized embryos causes a failure of 
AV valve formation, here illustrated by a failure of en- 
docardial clustering at the AV boundary in 43 hpf em- 
bryos (arrows indicate the AV boundary). Examination at 
later stages reveals that valve formation does not occur 
in morpholino-injected embryos, showing that the defect 
at 43 hpf does not reflect a delay [(E and H) 72 hpf; (F 
and 1) 96 hpq. wt, wild-type; mo, morpholino-injected. 
Bars, 20 pm. The zebrafish ugdh cDNA sequence was 
deposited in CenBank with the accession number 
AF361478. 
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gene. The lack of an early phenotype in an- 
tisense-injected embryos suggests that in ad- 
dition to ugdh mRNA, Ugdh protein is also 
provided maternally, or that another protein 
compensates for the lack of Ugdh, or even 
that some maternal mRNA is protected from 
antisense-mediated translational inhibition. 

Explant experiments with embryonic 
chick tissues have shown that valve forma- 
tion requires precise patterning of the myo- 
cardium and endocardium, as well as an in- 
ductive signal from the myocardium to the 
endocardium (I) .  To determine how jekyll 
affects cardiac valve development, we as- 
sessed the expression of early differentiation 
markers of the valve-forming region: bone 
morphogenetic protein (bmp) 4, notchlb 
( la) ,  and br146 [a zebrafish versican ho- 
molog (19)l. Initially all three genes are ex- 
pressed throughout the anteroposterior extent 
of the heart. Later expression of these genes 
is restricted to the valve-forming region 
(bmp4 and br146 in the myocardium at 37 
hpf and notchlb in the endocardium at 45 
hpf). jekyll mutant embryos show defects in 
the expression of these genes (Fig. 3). Al- 
though bmp4 and br146 expression domains 
become restricted from the atrium and largely 
from the ventricle, no heightened expression 
of these genes is detectable at the AV bound- 
ary of jekyll mutant hearts at any stage as- 
sayed from 36 to 48 hpf (48 hpf shown in Fig. 
3, B and D and F and H). notchlb expression 
becomes initially restricted from the atrial 
endocardium of mutant hearts. However, at 

Fig. 3. Molecular anal- 
yses of AV valve devel- 
opment reveal early 
defects in jekyl mutant 
embryos. Schematized 
representations are 
shown to the left of the 
actual data, Initially ex- 
pressed througho& the 
anteroposterior extent 
of the heart (ZO), 
bmp4, br746, and 
notchlb become re- 
stricted to. the AV 
boundary before the 
onset of valve forma- 
tion. At 48 hpf, bmp4 
(A and B) and br746 (E 
and F) are expressed in 
the myocardium and 
notch7b (I and J) in the 
endocardium. RNA in 
situ hybridization (39) 
for these genes reveals 
defects in jekyll mutant 
hearts. (B, D, F, and H) 
Although expression of 
bmp4 and br746 does 
become restricted from 

45 hpf, notchlb expression is elevated in the 
AV boundary of wild-type but not jekyll mu- 
tant embryos (20). At 48 hpf, atrial restriction 
fails to be maintained in mutant hearts, and 
notchlb expression is again observed 
throughout the atrial and ventricular endocar- 
dium (Fig. 3L). Thus, jekyll functions early in 
the process of AV valve formation and is 
required specifically in patterning the myo- 
cardium and endocardium at the AV bound- 
ary. The myocardial patterning defects seen 
in jekyll mutants are likely direct effects of 
the loss of Jekyll function because they are 
the first molecular defects to be observed, 
whereas the later endocardia1 defects may be 
secondary to the lack of bmp4 restriction in 
the myocardium. 

These data lead us to hypothesize that 
jekyll is required for cell signaling events 
that set aside the valve-forming region as 
distinct from atrium and ventricle. Perhaps 
similar to other boundary-formation events 
in development, the cells at the border be- 
tween the atrium and ventricle are specified 
to adopt a tertiary cell fate, that of the 
valve-forming region. In the Drosophila 
wing disc, for example, differences in en- 
grailed expression between the anterior and 
posterior compartments restrict expression 
of the Hedgehog signal to the posterior and 
the Hedgehog receiving apparatus to the 
anterior. Thus, only cells on the anterior 
side of the compartment border can receive 
the Hedgehog signal coming from the pos- 
terior (21). A similar situation exists in the 

the atrium and largely 
from the ventricle, there is no heightened expression at the valve-forming region as in the wild-type. (J 
and 1) notch7b expression is not increased at the AV boundary and at this stage is no longer restricted 
from the atrium. A, atrium; V, ventricle; wt, wild-type. Bar, 20 pm. 

vertebrate limb bud, where differences in 
fringe expression set up a domain of spe- 
cific Notch signaling at the dorsoventral 
border (22, 23). The cells at that boundary 
differentiate to form the apical ectodermal 
ridge, which is required for further out- 
growth of the limb. 

Atrial and ventricular fates are properly 
assigned in jekyll mutants, because expres- 
sion of chamber specific markers appears 
normal (11). Therefore, the first apparent 
molecular defect in jekyll mutants is a lack 
of boundary-restricted bmp4 expression in 
the myocardium. A similar defect is seen in 
cloche mutant embryos, which lack endo- 
cardium altogether (24, 25). Analysis of 
these two mutants suggests a model in 
which a primary endocardia1 signal to the 
overlying myocardium sets up a border be- 
tween atrial and ventricular cells. A sec- 
ondary signal within the myocardium could 
then produce at the AV boundary a tertiary 
myocardial cell type with the competence 
to signal to the underlying endocardium. 
jekyll may be required for the primary en- 
docardial signal or for the secondary myo- 
cardial signal that results in the tertiary cell 
fate. 

In Drosophila, Sugarless has been 
shown to be important for Fgf and Wg 
signaling (26-29). We have analyzed the 
currently available zebrafish mutations that 
affect these signaling pathways and have 
not found any overt defects in cardiac valve 
formation. By contrast, the similarity of the 
morphological defects in the formation of 
the jaw elements in jekyll, pipetail/wnt5a, 
and knypeWglypican mutants (11, 15) sug- 
gests that in this process Jekyll is required 
for Wnt signaling, and that one substrate 
for Jekyll is Glypican. In the case of Jek- 
yll's function in the heart, the similarity of 
the jekyll valve phenotype with that seen in 
mutants for the chondroitin sulfate proteo- 
glycan gene Versican (30) suggests that 
Versican is one substrate for Jekyll in this 
process. However, mice deficient for Hya- 
luronan synthase-2 also exhibit jekyll-like 
valve defects (31), suggesting that ugdh 
may also function in valve formation 
through its requirement for hyaluronic acid 
(HA) synthesis. We propose that a signal- 
ing pathway, heretofore not identified to 
require glyqosaminoglycan production, de- 
pends on Jekyll function during valve for- 
mation. Neuregulin is expressed in the ven- 
tricular endocardium, and loss of Neuregu- 
lin signaling leads to several phenotypes 
that are also observed in jekyll mutants, 
including the absence of myocardial prolif- 
eration in the ventricle and hypoplastic en- 
docardial cushions (31-34). It will be im- 
portant to investigate the respective role of 
HA, proteoglycans, and their associated 
signals during cardiac valve formation. 
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Reversal of Obesity- and 
Diet-Induced Insulin Resistance 

with Salicylates or Targeted 
Disruption of Ikkfi 

Minsheng Yuan,1* Nicky Konstantopoulos,1* Jongsoon Lee,1* 
Lone Hansen,1 Zhi-Wei Li,2 Michael Karin,2 Steven E. Shoelson1! 

We show that high doses of salicylates reverse hyperglycemia, hyperinsulin-
emia, and dyslipidemia in obese rodents by sensitizing insulin signaling. Acti
vation or overexpression of the IKB kinase p (IKKp) attenuated insulin signaling 
in cultured cells, whereas IKKp inhibition reversed insulin resistance. Thus, IKKp, 
rather than the cyclooxygenases, appears to be the relevant molecular target. 
Heterozygous deletion (lkk$+/~~) protected against the development of insulin 
resistance during high-fat feeding and in obese Lepob/ob mice. These findings 
implicate an inflammatory process in the pathogenesis of insulin resistance in 
obesity and type 2 diabetes mellitus and identify the IKKp pathway as a target for 
insulin sensitization. 
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Insulin resistance refers to a decreased capacity 
of circulating insulin to regulate nutrient metab
olism. Individuals with insulin resistance are 
predisposed to developing type 2 diabetes, and 
insulin resistance is an integral feature of its 
pathophysiology. Chronic secretion of large 
amounts of insulin to overcome tissue insensi-
tivity can lead, in predisposed individuals, to 
pancreatic p cell failure and concomitant de
fects in glucose and lipid metabolism. The 
prevalence of insulin resistance is high and 
rising, but only rare genetic causes have been 
identified. The molecular cause of acquired in
sulin resistance, which is promoted by seden
tary lifestyle, obesity, fatty diet, and increased 
age, and is reversed by exercise and weight 
loss, is similarly unknown. 

High doses of salicylates [4 to 10 g per 
day (g/day)], including sodium salicylate and 
aspirin, have been used to treat inflammatory 
conditions such as rheumatic fever and rheu
matoid arthritis. These high doses are thought 
to inhibit nuclear factor kappa B (NF-KB) (1) 
and its upstream activator the IKB kinase p 
(IKKP) (2), as opposed to working through 
cyclooxygenases (COXs), the classical tar
gets of nonsteroidal anti-inflammatory drugs 
(NSAIDs). High doses of salicylates also 
lower blood glucose concentrations (3-7), 
although their potential for treating diabetes 
has been all but forgotten by modern biomed
ical science. We have investigated potential 
mechanisms of these hypoglycemic effects to 
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identify potential mediators of insulin resis
tance and molecular targets for intervention. 
We have found that reduced signaling 
through the IKKp pathway, either by salicy
late inhibition or decreased IKKp expression, 
is accompanied by improved insulin sensitiv
ity in vivo. Our findings further indicate that 
the IKKp pathway may contribute to insulin 
resistance in type 2 diabetes and obesity by 
impinging on insulin signaling. 

We determined the effect of high doses of 
salicylates on the severe insulin resistance 
seen in genetically obese rodents. Twelve-
week-old male Zucker fa/fa rats and 8-week-
old male ob/ob mice were treated for 3 to 4 
weeks with 120 mg/kg/day of aspirin or so
dium salicylate, administered by continuous 
subcutaneous infusion. Fasting blood glucose 
values and glucose tolerance were improved 
in Zucker fa/fa rats (Fig. 1A). Concomitant 
reductions in insulin concentrations (Fig. IB) 
indicated a marked improvement in insulin 
sensitivity. Glucose tolerance in lean fa/+ 
animals was normal, and blood glucose con
centrations were similar after aspirin treat
ment (Fig. 1C). Nevertheless, lower insulin 
concentrations in the aspirin-treated group 
(Fig. ID) demonstrate improved insulin sen
sitivity, despite milder insulin resistance. The 
ability of high-dose aspirin to increase insulin 
sensitivity was further established in insulin 
tolerance tests (Fig. IE). Intraperitoneal in
jection of insulin (2.0 U per kilogram of body 
weight) had essentially no effect on blood 
glucose concentrations in untreated fa/fa rats. 
However, the same insulin dose caused a 
decrease in blood glucose when given to 
aspirin-treated animals. 

Increased triglyceride concentrations in 
the blood of Zucker rats fell from 494 ± 68 
mg/dl to 90 ± 58 mg/dl during 3 weeks of 
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