
been shown to inhibit the Met-aminopepti- 
dase MetAP2 (17, 18). The effect of these 
antiangiogenic reagents may stem from inhi- 
bition of the N-terminal Met-Cys cleavage in 
a normally short-lived regulator of angiogen- 
esis that is targeted by the N-end rule path- 
way through its N-terminal Cys residue. 

The oxidation (and subsequent arginylation) 
of N-terminal Cys may compete with its other 
known modifications, including acetylation and 
palmitoylation. N-end rule substrates with the 
arginylation-dependent destabilizing N-termi- 
nal residues (Asn, Gin, Asp, Glu, and Cys) (Fig. 
lA) can also be produced through cleavages 
anywhere in a protein's polypeptide chain. For 
example, the conditional cleavage of a subunit 
of the mammalian cohesin complex at the met- 
aphase-anaphase transition is predicted to pro- 
duce a putative N-end rule substrate whose 
degradation would require N-terminal arginyla- 
tion (8, 19). 

HIFlot, a subunit of hypoxia-inducible 
factor 1 (HIF1) that functions as a key regu- 
lator of angiogenesis, is a conditionally short- 
lived protein. The degron of HIFlot, recog- 
nized by a distinct Ub-dependent proteolytic 
pathway, is activated through the oxygen- 
dependent hydroxylation of a specific Pro 
residue (20, 21). By analogy to prolyl-4- 
hydroxylases that regulate the degron of 
HIFlot, the currently unknown enzyme that 
oxidizes N-terminal Cys may also function as 
an oxygen sensor. If so, the formation and 
maintenance of the cardiovascular system 
may involve a battery of distinct, condition- 
ally short-lived regulators such as HIF1 and 
the currently unknown substrate of the N-end 
rule pathway that bears N-terminal Cys. 
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Forward genetic screens in the zebrafish have 
identified thousands of mutants defective in 
many kinds of biological processes (1, 2). Clon- 
ing of the affected genes is accelerated by both 
an extensive and rapidly growing genetic link- 
age map (3-5) and the zebrafish genome se- 
quencing project. However, until now a major 
drawback in zebrafish genetic analysis has been 
the inability to specifically study gene function 
through reverse genetics. It has been demon- 
strated that protein levels in embryos can be 
temporally reduced by antisense morpholino 
oligonucleotides (6), but this effect is transient 
and is not applicable to later stages of 
development. 

In the mouse, reverse genetics was made 
possible by homologous recombination in em- 
bryonic stem cells, eventually giving rise to 
germ line transmission of the mutant alleles (7, 
8). Recently, it has been shown that in zebrafish 
short-term embryonic stem cell cultures are able 
to produce germ line chimeras (9), but this has 
not yet been extended to targeted gene inactiva- 
tion. Therefore, we have taken another ap- 
proach: target-selected mutagenesis. This in- 

'Hubrecht Laboratory, Center for Biomedical Genet- 
ics, Uppsalalaan 8, 3584 CT, Utrecht, Netherlands. 
2ARTEMIS Pharmaceuticals GmbH/ Exelixis Deut- 
schland, Spemannstrasse 35, 72076 Tubingen, Ger- 
many. 
*To whom correspondence should be addressed. E- 
mail: plasterk@niob.knaw.nl. 

Forward genetic screens in the zebrafish have 
identified thousands of mutants defective in 
many kinds of biological processes (1, 2). Clon- 
ing of the affected genes is accelerated by both 
an extensive and rapidly growing genetic link- 
age map (3-5) and the zebrafish genome se- 
quencing project. However, until now a major 
drawback in zebrafish genetic analysis has been 
the inability to specifically study gene function 
through reverse genetics. It has been demon- 
strated that protein levels in embryos can be 
temporally reduced by antisense morpholino 
oligonucleotides (6), but this effect is transient 
and is not applicable to later stages of 
development. 

In the mouse, reverse genetics was made 
possible by homologous recombination in em- 
bryonic stem cells, eventually giving rise to 
germ line transmission of the mutant alleles (7, 
8). Recently, it has been shown that in zebrafish 
short-term embryonic stem cell cultures are able 
to produce germ line chimeras (9), but this has 
not yet been extended to targeted gene inactiva- 
tion. Therefore, we have taken another ap- 
proach: target-selected mutagenesis. This in- 

'Hubrecht Laboratory, Center for Biomedical Genet- 
ics, Uppsalalaan 8, 3584 CT, Utrecht, Netherlands. 
2ARTEMIS Pharmaceuticals GmbH/ Exelixis Deut- 
schland, Spemannstrasse 35, 72076 Tubingen, Ger- 
many. 
*To whom correspondence should be addressed. E- 
mail: plasterk@niob.knaw.nl. 

of RGS4; N. Dinh and M. Young for mass spectrom- 
etry; and J. K. Yoon for pLacF. Supported by NIH grant 
GM31530 and a Kirsch Foundation grant to A.V. 

Supporting Online Material 
www.sciencemag.org/cgi/content/full/297/5578/96/ 
DC1 
Materials and Methods 
Figs. S1 to S5 
References 

3 January 2002; accepted 5 June 2002 

of RGS4; N. Dinh and M. Young for mass spectrom- 
etry; and J. K. Yoon for pLacF. Supported by NIH grant 
GM31530 and a Kirsch Foundation grant to A.V. 

Supporting Online Material 
www.sciencemag.org/cgi/content/full/297/5578/96/ 
DC1 
Materials and Methods 
Figs. S1 to S5 
References 

3 January 2002; accepted 5 June 2002 

volves random mutagenesis, followed by target- 
ed screening for induced mutations at the 
genomic DNA level. For example, in Caeno- 
rhabditis elegans, we and others (10, 11) have 
successfully performed ethylmethane sulfonate 
mutagenesis and have screened animals with a 
polymerase chain reaction (PCR) strategy for 
deletions in hundreds of target genes. In the case 
of zebrafish, we have now combined N-ethyl- 
N-nitrosourea (ENU) mutagenesis with high- 
throughput resequencing of the target gene. 

Random ENU mutagenesis in zebrafish is 
widely used in forward screens. Nonmosaic 
mutants are typically found at tester loci at an 
average frequency of 1 in 650 mutagenized 
genomes. Recessive embryonic lethal pheno- 
types occur at a similarly high rate, namely, 
an average loss-of-function frequency per lo- 
cus of 1 in 1600 mutagenized genomes (1, 2). 
Therefore, we constructed a library of 2679 
randomly ENU mutagenized Fl males as out- 
lined in Fig. 1, making use of the Tiibingen 
2000 screen fish. Genomic DNA was isolat- 
ed, and testis samples were cryopreserved 
(12), generating a permanent library that 
could be screened for heterozygous muta- 
tions. In principle, we have isolated sufficient 
DNA samples to screen for mutations in most 
zebrafish genes, and the library is compre- 
hensive enough that most genes should be 
represented by at least one null allele. 

To test this approach, we screened for mu- 
tations in the ragl gene (13) of each individual 
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Fl fish by DNA resequencing. By nested PCR, 
we amplified two fragments that included exons 
2 and 3 of the coding region (Fig. 2A). Subse- 
quent sequence analysis with five different 
primers (Fig. 2A; Table 1) was done on a 96- 
capillary ABI3700 DNA analyzer (12). Het- 
erozygosity detection was done with the pro- 
grams Phred (14), Phrap (15), and PolyPhred 
(16), and was visualized with Consed (17). 

Single nucleotide polymorphisms (SNPs) 
were encountered at a high frequency; they 
could be distinguished from ENU-induced mu- 
tations because they were detected in multiple 
fish. As shown in Fig. 2B, we detected two 
haplotypes that differ from the published se- 
quence of ragl at about 1 in 116 nucleotides; 
five of these SNPs result in coding changes in 
the ragl gene. The two haplotypes indicate that 
the fish used for this screen, the so-called Tii- 
bingen strain, is not homogeneous at this locus. 
Other loci also have been found to show heter- 
ogeneity within this library of Fl fish (18). 

After we filtered the SNPs, we detected a 
total of 15 ENU-induced mutations (Table 1). 
Each of these mutations was verified by inde- 
pendent PCR and resequencing. Because most 
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mutation spectra are based on the detection bias tations in 7,268,581 base pairs among 2679 
of the forward screen, we can use these data to fish (Table 1), which corresponds to a fre- 
get an initial unbiased picture of the mutation quency of 2.1 x 10-6 per base pair. 
spectrum of ENU in the zebrafish. As shown in Of the 15 mutations in ragl, 3 are silent, 
Fig. 2C, the distribution of the mutations found 2 are in intronic sequences (some introns 
in ragl is similar to those found in previous were partially covered), and 10 result in 
forward screens. The mutation rate is 15 mu- changes in the coding sequence, of which 9 
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Fig. 1. Overview of target-selected mutagenesis 
in zebrafish. Ninety-nine adult male zebrafish 
were mutagenized by three to five consecutive 
treatments with 3 mM ENU, in accordance with 
(32). The mutagenized fish were crossed with 
wild-type females to give a nonmosaic F, gener- 
ation of fish. Sperm was isolated and cryopre- 
served from 2679 fertile F, males. Genomic DNA 
was isolated, arrayed in PCR plates, and screened 
for mutations by nested PCR amplification of the 
target gene and subsequent DNA sequence anal- 
ysis. After a particular mutation was identified, in 
vitro fertilizations (IVF) were performed to recov- 
er the F2 line carrying the mutation (12). Finally, 
mutations can be bred to homozygosity and an- 
alyzed for phenotypes. 

Fig. 2. Resequencing the rag gene. (A) Genomic organization of the rag gene. Coding regions are 
represented as yellow boxes. Regions A to E indicate segments screened by resequencing. (B) 
Distribution of SNPs in the two haplotypes of the rag1 gene found in this study compared with the 
published sequence (13). Black bars indicate a SNP in one haplotype; red bars indicate a SNP in both 
haplotypes. (C) Spectrum of the ENU-induced mutations found in this screen compared with the 
mutations detected in previous forward screens. (D) Mutations changing the coding region of the 
rag1 gene. RAG1 domain structure is adapted from (33). The DDE motif characteristic of 
recombinases (34) is indicated below the structure. Amino acid changes are indicated with black 
arrows above the structure: D, Asp; E, Glu; F, Phe; G, Gly; H, His; K, Lys; L, Leu; M, Met; N, Asn; R, 
Arg; V, Val. Purple arrow indicates stop codon. Gray arrows indicate silent mutations. 

Table 1. Ragl resequencing statistics. Fragments correspond to the fragments indicated in Fig. 2A. All 
sequencing reactions were analyzed with PolyPhred (version 3.5 beta) with a ratio of 0.65, a background 
ratio of 0.15, and an average Phred score of 25. The total number of base pairs (bp) screened is corrected 
for fragment overlap and primer sequences. Failed sequences were excluded. Average lengths include 
standard errors. One mutation was found in fragment D, as well as in the overlapping part of fragment 
E. 

No. of Avg. No. of bp No. of 
Fragment reactions length (bp) screened mutations 

Exon 2 (1118 bp) 
A 2,564 629+ 2.2 1,613,420 4 
B 2,615 602 + 1.6 1,574,606 2 

Exon 3 (1748 bp) 
C 2,603 619+ 1.5 1,611,149 4 
D 2,053 581+ 1.5 1,193,172 3 
E 2,640 656 + 1.2 1,730,797 3 

Total 12,475 619 + 0.8 7,723,144 16 
Total corrected 7,268,581 15 
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are missense mutations and 1 is a premature 
stop (Fig. 2D). The latter is in the middle of 
the catalytic domain and, therefore, is expect- 
ed to be a complete null allele. We genotyped 
the F2 progeny of the fish that carry this allele 
(ragl26683) by isolating genomic DNA from 
fin clips, nested PCR, and sequencing. Cross- 
ing two F2 heterozygotes gave Mendelian 
segregation of the mutant allele. The ho- 
mozygous F3 mutant embryos show ragl 
messenger RNA (mRNA) expression in the 
thymus (19) as seen by whole-mount in situ 
hybridizations (18). Adult mutant F3 fish are 
viable and fertile in our standard nonsterile 
aquarium facilities. 

A functional RAG1 protein is required 
for V(D)J recombination (20). Therefore, 
we examined functionality of the truncated 
RAG1 protein in mutant adults by a PCR 
assay (21) that checks for V(D)J rearrange- 
ments of the immunoglobulin heavy-chain 
genes (22) as outlined in Fig. 3A. Whereas 
heterozygous raglt26683 mutant fish show 
joining of four different classes of heavy- 
chain genes, homozygous rag1t26683 mu- 
tant fish were found to be deficient in 
V(D)J joining (Fig. 3B). Apparently, as in 
other vertebrates, there is only one func- 
tional ragl gene; loss of function at this 
locus results in a complete block of immu- 
noglobulin gene assembly and, presumably, 
in immunodeficiency. 

Some of the missense mutations are at con- 
served amino acid positions; therefore, it is pos- 
sible for these to affect gene function. Three 
other alleles have been tested for loss of function 
as heteroalleles over the null allele. These were 
not defective in V(D)J joining (Fig. 3B). Al- 
though we have assayed only for a loss-of- 

Fig. 3. Functionality of A V 
different RAG1 mutants. Germline -|H 
(A) Outline of the PCR -, 
assay used to test for v 
V(D)J recombination of 
the immunoglobulin 
heavy-chain gene (12). Recombined 
PCR primers are repre- 
sented as arrows. 
Semi-nested PCRs with 
an additional internal 
primer in the V seg- rag genotype 
ments were done to +/+ 
obtain a bright signal. 
C, constant domain. 
(B) V(D)J recombina- +/t26683 
tion in tail tissue 
from adult fish carry- t26683 /t26683 
ing different ragl al- 
leles. The mutations 
tested are as follows: t26702/t26683 
R797stop (raglt26683), 
D251E (ra62git6 ), t2670 3 / t26683 
L653F (raglt26703), and 
M138L (rag1t26693). V-J, 
PCRs with primers in V t26693 /t26683 
segments and J seg- 
ments. V-V', PCRs with 
primers in V segments only. VH, variable heavy ch 
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function phenotype, production of an allelic se- 
ries is a major advantage of this method over 
knockout strategies that rely on homologous 
disruption or deletions. In some cases, com- 
plete loss of function may be lethal, and mis- 
sense mutations may have informative viable 
phenotypes. 

The clonal immune system was first 
acquired in evolution by teleost fish. Here we 
describe experimental inactivation of the im- 
mune system in a teleost fish. These presum- 
ably immunodeficient fish survive to adult- 
hood without obvious signs of infectious 
disease in a nonsterile environment. Whether 
homozygous mutant lines can be bred with- 
out acquiring diseases at a higher rate than 
control cases remains to be seen. The 
ragt26683 mutant is now available for de- 
tailed analysis of the role of the clonal im- 
mune system in resistance to infections and 
possibly in other processes. 

We expect that the first-generation zebrafish 
mutant library described here will be followed 
by others, if only because the mutation efficien- 
cy can possibly be improved and the size of the 
library increased. Nevertheless, the current li- 
brary has recently been used successfully to 
detect mutations in other genes (18), and new 
screens are ongoing. Once the DNA and the 
testes library were established, the time and 
reagent costs for the ragl screen were about 2 
months and $12,500, respectively (12); these are 
currently being reduced by further automation 
and alternative mutation detection methods. 
With establishment of this technology, the ze- 
brafish is now the second vertebrate model or- 
ganism in which reverse genetics can be applied 
on a large scale. 

Target-selected mutagenesis has also been 
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successfully developed in the two major inver- 
tebrate model organisms, Drosophila (23-25) 
and C. elegans (26, 27), as well as inArabidop- 
sis (28, 29) and, recently, the mouse (30, 31). 
The approach described here for zebrafish dif- 
fers in that random mutagenesis is followed 
directly by straightforward, high-throughput re- 
sequencing of the target gene. This approach is 
insensitive to the presence of frequent SNPs in 
outbred organisms, because these are filtered out 
in the data analysis step. Therefore, this ap- 
proach could be applicable for any organism on 
the condition that it can be bred and mu- 
tagenized efficiently. The advantage of multiple 
alleles, including partial loss-of-function mu- 
tants, may make it the preferred approach even 
for organisms for which gene knockout strate- 
gies already exist, such as Drosophila and C. 
elegans. 
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Pharmacological inactivation of oncogenes is being investigated as a possible 
therapeutic strategy for cancer. One potential drawback is that cessation of 
such therapy may allow reactivation of the oncogene and tumor regrowth. We 
used a conditional transgenic mouse model for MYC-induced tumorigenesis to 
demonstrate that brief inactivation of MYC results in the sustained regression 
of tumors and the differentiation of osteogenic sarcoma cells into mature 

osteocytes. Subsequent reactivation of MYC did not restore the cells' malignant 
properties but instead induced apoptosis. Thus, brief MYC inactivation appears 
to cause epigenetic changes in tumor cells that render them insensitive to 
MYC-induced tumorigenesis. These results raise the possibility that transient 
inactivation of MYC may be an effective therapy for certain cancers. 
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Activation of oncogenes plays an important 
role in tumorigenesis (1). Strategies that in- 
activate oncogenes for the treatment of can- 
cer are in development; however, such ap- 
proaches may be limited by the toxicity 
caused by the prolonged inactivation of the 
associated proto-oncogene. Moreover, cessa- 
tion of the pharmacologic inactivation of an 
oncogene may result in tumor regrowth. To 
determine whether brief oncogene inactiva- 
tion can produce sustained tumor regression, 
we used the tetracycline regulatory system to 
conditionally regulate MYC expression in 
transgenic mice. We previously described 
transgenic mice that conditionally express 
MYC in their lymphocytes (2). About 1% of 
these mice develop osteogenic sarcomas, and 
these tumors expressed abundant levels of 
MYC, presumably because the E[LSRot en- 
hancer causes MYC expression in immature 
osteoblasts. Consistent with this, MYC is 
commonly overexpressed in human and ro- 
dent osteogenic sarcomas (3-11). 

The tumors in our transgenic model 
share some features with human osteogenic 
sarcoma (12-14). They present as invasive 
masses in the skeleton; they are associated 
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readily metastasize (fig. S1) (15). These 
properties were maintained as the tumors 
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were adapted to in vitro growth and were 
inoculated into syngeneic hosts (15). To 
investigate the effects of MYC inactivation, 
we administered doxycycline (dox) treat- 
ment to mice with transplanted osteogenic 
sarcoma cells or primary transgenic tumors. 
After dox treatment in vivo, osteogenic 
sarcomas stopped expressing the MYC 
transgene, differentiated into mature bone, 
and exhibited sustained tumor regression 
(fig. S2). Similarly, primary transgenic tu- 
mors regressed and differentiated into bone 
(fig. S4). After dox treatment in vitro, the 
tumor cells exhibited a reduced growth 
rate, assumed a flattened morphology, lost 
alkaline phosphatase activity, and contin- 
ued to express osteopontin (15) (Fig. 1). 
These phenotypic features are associated 
with the differentiation of immature osteo- 
blasts into mature osteocytes (7, 16-18). 
We conclude that MYC inactivation causes 
osteogenic sarcoma cells to differentiate 
into mature osteocytes. 

To examine the effects of MYC inacti- 
vation and reactivation in individual tumor 
cells, we cultured osteogenic sarcoma cells 

Fig. 1. Inactivation of 
MYC causes regression 
and differentiation of tu- 
mor cells. MYC inactiva- 
tion resulted in the differ- 
entiation of (A) osteo- 
genic sarcomas into (B) 
mature osteoid. Alkaline 
phosphatase activity (C) 
before and (D) after dox 
treatment. Osteopontin 
expression (E) before and 
(F) after dox treatment. 
Representative data from 

?4••: <! :: one of five experiments. 
At least five mice were 
injected per experiment. 
Similar results were seen 
for two other transplant- 
ed tumors and two inde- 
pendent primary trans- 

; genic tumors (15). Bars, 
50 Lrm. 
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