
Targeting of Nonexpressed Genes in Embryonic Stem 
Cells Via Homologous Recombination 

b e  targeting via homologous recombination-mediated disruption in murine embry- 
onic stem (ES) cells has been described for a number of different genes expressed in 
these cells; it has not been reported for any nonexpressed genes. Pluripotent stem cell 
lines were isolated with homologously recombined insertions at three different loci: c- 
fos, which is expressed at a low level in ES cells, and two genes, adipsin and adipocyte 
P2 (aP2), which are tramaibed speci6caUy in adipose cells and are not expressed at 
detectable levels in ES cells. The fkquenaes at which homologous recombination 
events occurmi did not correlate with levels of expression of the genes, but 
did occur at rates comparable to those previously reported for genes that are actively 
expressed in ES cells. Injection of successfully targeted cells into mouse blastocysts 
resulted in the formation of chimeric mice. These studies demonstrate the feasibility of 
altering genes in ES cells that are expressed in a tissue-specific manner in the mouse, in 
order to study their function at later developmental stages. 

G ENE TARGETING IN ES CELLS HAS 

been envisioned as a method for 
studying the effects of specific mu- 

tations in the mouse (1-4). Genes of interest 
would be altered by homologous recombi- 
nation-mediated disruption after DNA 
transfection of ES cells. These ES cell lines 
containing altered genes would then be used 
to create chimeric mice, through injection of 
the cells into blastocysts. If the germ line is 
colonized by ES cells in chimeric mice, 
subsequent breeding would allow the gener- 
ation of mouse strains that are heterozygous 
or homozygous for the altered gene. This 
protocol appears feasible because of two 
advances: the development of techniques 
that allow the growth and maintenance of 
blastocyst-derived cells (ES cells) in a pluri- 
potent state (5-7) and the ability to select for 

rates of expression, it might resmct gene 
targeting to those genes that are expressed 
ubiquitously or are active in early develop 
ment. We report here that two genes ex- 
pressed in adult mouse adipose tissue, but 
not detectablv ex~ressed in ES cells. can be 
readily disruited'by homologous kcombi- 
nation. 

The adipsin and aP2 genes are both tran- 
scriptiondy activated during adipocyte dif- 
ferentiation (1 1-14) and the mRNAs encod- 
ing the proteins are expressed predominant- 
ly in adipose tissue in the mouse (15-1 7). To 
determine the relative expression of these 
mRNAs in ES cells, we performed Northern 
blotting with the ES parent cell line CC1.2 
(5) and several subclones. No mRNA en- 

homologous recombination-mediated gene * c- k s  B ~d 
replacement in mammalian cell culture (1, 
8-10). 1 2 3 4 5  1 2  

= -- 
There have been suggestions that the fre- 

quency of a homologous recombination 
event may depend on the transcription rate 
of the gene concerned (3, 9), although ex- 
periments with a human bladder carcinoma 
cell line indicated that homologous recom- - 
bination at a nonexpressed locus was possi- 
ble (10). If rates of homologous recombina- 
tion in ES cells are strongly correlated with 
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coded by either of these genes could be 
detected, even on prolonged exposures of 
the autoradiographs (Fig. 1, B and C). In 
contrast, c-jos is expressed in these cells, 
albeit at a low level compared to the nerve 
growth factor (NGF)-induced PC-12 cells 
(18) used as a control (Fig. 1A). 

Gene targeting vectors (Fig. 2) were con- 
structed to permit the selection of gene 
replacement events by a procedure similar to 
that outlined by Mansour et al. (9). Vectors 
contained the thymidine kinase (TK) gene 
of herpes simplex virus (HSV)-1 (1 9). The 
entire vector sequence is expected to be 
retained after random integration into the 
genome, making the cell sensitive to nucleo- 
side analogs, such as gancyclovir (20), 
through the action of the HSV-TK gene 
product. Homologous recombination with 
an endogenous sequence is expected to re- 
sult in the loss of nonhomologous se- 
quences, allowing the cells to retain their 
native resistance to gancyclovir (9,20). Thus 
one can use gancyclovir to select against the 
presence of the TK gene product and in so 
doing select against random integrants and 
enrich for homologous recombinants. 

Neomycin-resistance gene (neor) cassettes 
(1) were inserted into genomic clones so as 
to disrupt transcription or translation, or 
both, and render the genes dysfunctional. 
The neomycin-resistance marker also allows 
a positive genetic selection for cells that have 
stably incorporated the vector into the 
genome, through resistance to the drug 
(3418. The vectors were linearized and 
transfected into ES cells by electroporation. 
After selection with (3418 and gancyclovir, 
colonies resistant to both drugs were clonal- 
ly expanded, and DNA was isolated for 

Fig. 1. Expression of c-)s, adipsin, and aP2 mRNA in ES cells. Blots were probed with (A) c-4s-, (B) 
adipsin (25)-, and (C) $2 (25)-labeled cDNAs. RNA was isolated as dcsmbed (25) and 10 pg of total 
cytoplasmic RNA was loaded per lane. Electrophoresis, blotting, and probing was performed as 
previously described (25). Adipsin and aP2 blots were overexposed to show the lack of a signal from ES 
cell lines. (A) Lane 1, PC-12 cells stimulated by NGF for 30 min (positive control for clfos expression) 
(18); lane 2, CC1.2, parent ES cell line; lane 3, c-fos homologous recombinant f-16; lane 4, adipsin 
homologous recombinant a-16; and lane 5, aP2 homologous recombinant 8-3. (B) Lane 1, differentiat- 
ed 3T3-F442A adipocytes; lane 2, CC1.2; lane 3, f-16; lane 4, a-16; and lane 5,8-3. (C) Lanes were the 
same as in (B). 
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Southern blotting (Fig. 3). 
(3418-resistant cells occurred at a relative- 

ly constant frequency among the different 
DNA constructs transfected (approximately 
0.1% of the transfected cells) (Table 1). The 
number of homologous recombinants, as 
determined by Southern blotting of geno- 
mic DNA, was between 5 to 10% of the 
colonies resistant to both (3418 and gancy- 
dovir, although the total number of doubly 
resistant colonies varied somewhat among 

constructs. Rates of homologous recombi- 
nation, expressed as the number of homolo- 
gous recombinants over the number of sta- 
bly transfected ((3418-resistant) cells, were 
5 x lo-' for c+, 4 x lo-' for adipsin, and 
3 x for aP2. Although these rates are 
based on a relatively small number of recom- 
binants (15 in all), they are all comparable to 
those for an expressed gene [that is, to 
2.5 x lo-' for hypoxanthine-guanine phos- 
phoribosyl-transferase (HPRT)] (1). 

Fig. 2 Transfedon vectors A c-fosvector B 
containing the disrupted c- 
fos, adipsin, and aP2 gene 
sequences. (A) The parent Plasmid c-fos sequence 
plasmid vector used to con- B sequence Ss H Bg Ss B H 
struct all of the above vec- 
tors contained the Bam H I  -'"''''\ 

I 

3.4-kb fragment of HSV-1 Genomic sequence in c-fos region 1 kb . 
and its  gene cloned into 
the Nae 1 site of the  blue- B Adipsin v e p r  

script SK(+) plasmid. The 
genomic sequences de- 
scribed above were cloned Plasmid Adipsin sequence 
into the polylinker of this sequence 
plasmid. The neor used for 
&me disruption was derived 
from the Xho I-Sal I frag- Genomic sequence in adipsin region 1 kb 
ment of ~MCIneo/mlvA+ . 
E,'E& RI; H, Hin; i '~~< N; c 
Nco I; P, Pst I; Sm, Sma I; s 
and Ss. Sst I. The c-6s vec- 
tor w& derived fro& Hind Plasmid 

sequence aP2 sequence 
In-Bam H I  genomic frag- ss 
ment containing c-fs. The 
asterisk indicates the geno- 
mic sites that were lost dur- Genomic sequence in aP2 region . 1 kb 
ing cloning into the plasmid 
vector. The c-jos gene was interrupted by insertion of the neor cassette at a Bgl I site in the first exon. 
Befbre transfedon the vector was linearized at a unique Not I site in the plasmid polylinker, with 
linearization giving the orientation shown at the top of the figure. (B) The adipsin vector was derived 
by Bal31 digestion of an Eco FU genomic fragment. The adipsin gene was interrupted in the third exon 
at a unique Sma I site and linearized and transfected as above. (C) The aP2 vector was derived from a 
4.5-kb Bam HI-Sst I genomic fragment. The aP2 gene was interrupted after the transcription start site 
and before a translation start site at a Pst I site. 

The ES cell lines with genes targeted by 
homologous recombination were analyzed 
for expression of adipsin, aP2, and csfos 
~ R N L  to ensure thatthe selection process 
did not enrich for cells with aberrant pat- 
terns of expression for those genes. The 
targeted cell lines and the cell line 
have very similar patterns of expression for 
the three genes, with no evidence of adipsin 
or aP2 mRNA (Fig. 1, lanes 2 to 5). 
Although the possibility cannot be ruled out 
that aP2 and adipsin are transcribed at very 
low levels (21), they appear to be good 
examples of genes for-which no expressibn is 
anticipated or detected in ES cells. There is 
no reason to suspect that targeting these loci 
is any more or less diflicult than targeting 
other loci not detectably expressed in these 
cells. This belief is supported by two obser- 
vations: (i) the rates of homologous recom- 
bination for aP2 and adipsin arecomparable 
to reported rates of recombination for other, 
expressed genes (1,9,22,23), and (ii) we see 
no obvious relation between expression and 
targeting rates for a transcribed gene (c5fos) 
and for two genes not detectably expressed 
in our exwriments. 

Chimeric mice have been derived in out- 
bred (CDl) or inbred (C57BL/67, AGI 
CamPa) mouse strains, or both, with sepa- 
rate ES cell lines containing disrupted aP2, 
adipsin, and c-fbs genes; the parent cell line 
and the clones used to make these mice were 
karyotyped to ascertain stable, diploid chro- 
mosome numbers. The mice are now being 
bred to ascertain germ line transmission of 
the altered genes (5). The ability of the cells 
to contribute to tissue formation in chimeric 
mice indicates that the cells have retained 
pluripotency during the selection process 
(5-7). 

Fig. 3. Identification of ES clones with homolo- c-ibs Adlbsln 
&ly recombined insertions by DNA blotting. HI Sst 1 
ES cell lines resistant to both G418 and gancydo- 2 
vir were selected as described in Table 1. DNA 
from cell lines was isolated, digested with restric- 
tion enzymes, blotted, and probed as described 
(25). The asterisk indicates bands generated by 
homologous recombination events. Numbers re- b C 1 6  

k r  to kilobase pairs of DNA. Lanes 1 and 2, 
DNA from the c-$s homologous recombinant f- 
16 probed with the c-fos genomic sequence be- 
tween the Bgl I site in the first exon and the Sph I 
site in the third inwn.  Lane 1, Bam H I  digestion. 
Lane 2, Sst I digestion. Lane 1 shows the 16-kb - -. C 3 . 5 '  
fragment resulting from the hybridization of the 
probe with the unaltered copy of the gene and the 
3.5-kb fragment resulting from the cleavage within the gene as a result of a 
site in the neor. Lane 2 shows the unaltered fragment at 3.5-kb as well as the 
1.2-kb larger fragment at 4.7 kb engendered by the neor cassette. Lanes 3 and 
4, DNA from the adipsin homologous recombinant clone a-16 probed with 
adipsin cDNA (25). Lane 3, digested with Hind 111. Lane 4, digested with 
Sst I. In both lanes the lower band corresponds to the remainiing copy of the 
endogenous gene; the upper band is the same fragment plus the 1.2-kb neor 
insertion. In lane 3 the unaltered fragment is at 10 kb and the gene plus the 
neor insertion is 11.2 kb. In lane 4 the unaltered gene is at 16.5 kb and the 

Hlnd 111 Sst l Nco l Sst l 
3 4 5 6 

gene plus insertion is at 17.7 kb. Lanes 5 and 6, DNA from the aP2 
homologous recombinant clone 8-3 probed with aP2 cDNA (25). Lane 5, 
digested with Nco I. Lane 6, digested with Sst I. The Nco I fragment is split 
because of an Nco I site in neor, giving the 3.8-kb and 8.3-kb fragments. The 
11-kb fragment corresponds to the remainiing unaltered copy of the gene. 
Lane 6 shows the endogenous Sst I fragment at 7.4 kb plus a 1.2-kb larger 
fragment at 8.6 kb containing the neor insertion. Blots were also probed with 
the neor sequence to confirm that the homologous recombinant bands 
contained neor casette insertions (data not shown). 
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The three genes we have targeted in these 
experiments are likely to be important in 
mouse development and physiology, but 
their functions remain undefined genetical- 
ly. The adipsin gene encodes a serine prote- 
ase with complement factor D activity and 
has links to systemic energy balance and 
obesity (15, 24); the aP2 gene product is an 
adipocyte-specific fatty acid binding protein 
(25-27) whose precise role in physiology is 
unknown. The c-for proto-oncogene is in- 
volved in the regulation of gene transcrip- 
tion (28, 29), and disruption of this gene 
may have numerous effects on cell hnction. 
The analysis of the phenotypic effect of 
disruption of these three genes should lead 
to a greater understanding of their function 
in the organism. 

It is probable that many factors are in- 
volved in determining the frequency at 
which detectable homologous recombina- 
tion occurs at a given genetic locus (2, 3). 
Our data, however, demonstrate that it is 
feasible to target genes not expressed in ES 

cells in order to study their function in 
mouse development and physiology. 
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Table 1. Rates of homolopous recombination 
after double drug selection. ~Tectro~orations were 
performed withhe linearized vector described in 
Fig. 2. The data are pooled from several transfec- Foregut Permentation in the Hoatzin, 
ti& ES cells were &own in Duibecco's modified a ~ ~ & ~ ~ ~ i ~ ~ l  Leaf-Eating Bird 
Eagle's medium (DMEM) with 15% fetal bovine 
serum (FBS) and 0.1 mM 2-mercaptoethanol on 
gamma-irakated (4000 rads) st; feeder layers ALE JANDRO G ~ J A L ,  STUART D S T ~ H L ,  RODRIGO PA-, 
made G418-resistant by transfection with the 
vector ~SV2neo. Cells 12 x lo7) in 1 ml of R/IARIA DOMINGuEz, ALFR'DO NEHER 
medium' were electropoiated at '750 Vlcm in 
DMEM and FBS wi;h vector DNA at 1 nM. 
These cells were plated out on G418-resistant 
feeder layers. The number of viable cells 24 hours 
after electroooration was alwavs between 40 to - - -  ~ 

60%. At 36'hours after transfktion, G418 (100 
kg/+) and gancyclovir (2 pM) were added. After 
selection for 10 days, drug-resistant colonies were 
picked and expanded on Sto feeder layers without 
further drug selection. The asterisk indicates that 
one control plate for each transfection was select- 
ed with G418 alone and was plated at 1120 the 
density of doubly selected plates (5 x lo5 cells on 
a 150-cm2 plate versus 2 x lo7 cells on a 150-cm2 
plate), and the number of G418-resistant colonies 
for the entire transfection was extrapolated from 
this number. Clones listed as homologous recom- 
binants were confirmed as such by digestion with 
two or more restriction enzymes and Southern 
blotting, as shown for the representative clones in 
Fig. 3. 

No. 
G418 HO- 

DNA Cells No. and molo- 
transfected electro- G418* gancy- gous 

porated resistant clovir recom- 
resis- binants 
tant 

c$os 4 ~ 1 0 ' 2 x 1 0 ~  16 1 
vector 

Adipsin lo8 5 x lo4 22 2 
vector 

$2 8 x lo7 4 x lo4 142 12 
vector 

The only known case of an avian digestive system with active foregut fermentation is 
reported for the hoatzin (Opisthocomus hoazin), one of the world's few obligate 
folivorous (leaf-eating) birds. Hoatzins are one of the smallest endotherms with this 
form of digestion. Foregut fermentation in a flying bird may be explained by increased 
digestive efficiency by selection of highly fermentable and extremely patchy resources, 
coupled with microbial nutritional products and secondary compound detoxification. 
This unexpected digestive system gives a new perspective to the understanding of size 
limitations of vertebrate herbivores and to  the evolution of foregut fermentation. 

F OWGUT MICROBIAL FERMENTATION 

as a means of digesting fibrous plant 
matter has been reported in mammals 

such as ruminants, monkeys, sloths, and 
macropodid marsupials (1). Although a few 
bird species display hindgut fermentation 
(4, there are no documented cases of exten- 
sive foregut fermentation structures or asso- 
ciated digestive physiology in the entire class 
Aves. We now report a well-developed ru- 
minant-like digestive system in a neotropical 
folivorous bird, the hoatzin, Opisthocomus 
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hoazin. This is the first report of this diges- 
tive system outside the mammals, and opens 
new insights into the evolution of foregut 
fermentation. 

The hoatzin is a 750-g cuculiform bird 
that ranges from the Guianas to Brazil and 
inhabits riverine swamps, gallery forests, 
and oxbow lakes (3, 4). Early descriptions 
suggested that the crop of this species has 
replaced the gizzard and proventriculus as 
the primary site of digestion (5). None of 
these authors documented or suggested 
foregut fermentation, although some noted 
thacthe characteristic odor gf the bird was 
similar to fresh cow manure (6). 

At our study site (7), more than 80% of 
the hoatzin's diet is composed of green 
leaves. Although the birds fed on the leaves 
of 52 species of plants in 25 families, 90% of 
the diet is composed of only 17 plant spe- 
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