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Background

Traditional applications of mobile DNA
Before the advent of modern recombinant DNA technol-

ogy, mobile genetic elements served a pivotal role as biological 

mutagens to identify genes through mutagenesis. Since then they 
have been used increasingly as a delivery vehicle to introduce 
exogenous DNA sequences into the germline of an organism 
with diverse objectives. The introduced sequences often encode 
proteins whose expression helps monitor the activity of chromo-
some regions around them. Thus expression of a promoter-less 
lactose gene was used to assess the activity of numerous E. coli 
promoters through insertion of a Mu phage randomly into the 
bacterial chromosome.1 Genes activated in response to a variety 
of stimuli, such as exposure to DNA damaging agents, were iden-
tified using bacterial libraries generated by random insertions 
of a reporter gene-containing mobile element throughout their 
genome.2 In higher eucaryotes, transcription-enhancing DNA 
sequences located distal to gene promoters have been identified 
by insertion of what are commonly called enhancer-traps. In its 
simplest form, the enhancer-trap comprises of a basal-promoter 
driven reporter gene mounted on a mobile genetic element spe-
cific to the organism (illustrated schematically in Fig.  1). The 
recombinase/ transposase gene that mediates insertion of the trap 
into the germ-line is removed from within its functional ends 
to render it immobile after transposition. In the absence of an 
expression-enhancing environment the reporter gene within the 
mobile element is minimally expressed. However the reporter 
swings into expression mode once it comes under the influence 
of an enhancer. Thus in situ detection of genomic elements that 
regulate transcription in Drosophila melanogaster used expression 
of the E. coli lacZ gene incorporated into the mobile P-element. 
Insertions of P-element into the germ-line of flies helped screen 
sequences that could act at a distance along the chromosome 
to stimulate expression.3 Some enhancers are active only in a 
specific tissue, and can be used to identify specific cell-types: 
the P-lacZ fusion gene has also helped generate a wide variety 
of cell-type-specific markers in Drosophila melanogaster. Many 
developmentally regulated genes in Drosophila and mice have 
been isolated and characterized using such enhancer-traps.4,5 
Other species-specific transposon systems modulated to perform 
enhancer-trapping include the “Sleeping Beauty” transposon-
based transgenesis cassette. It established an enhancer-trapping 
technique for use in vertebrate model systems such as the medaka 
and the zebrafish Danio rerio.6,7

Retroviruses represent a group of mobile genetic elements that 
have proved very useful for trapping enhancers. They require dis-
guising through pseudo-typing to get around their host range 
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Sequences that regulate expression of a gene in cis but are 
located at large distances along the DNA from the gene, as 
found with most developmentally regulated genes in higher 
vertebrates, are difficult to identify if those sequences are not 
conserved across species. Mutating suspected gene-regula-
tory sequences to alter expression then becomes a hit-or-miss 
affair. The relaxed specificity of transposon insertions offers an 
opportunity to develop alternate strategies, to scan in an unbi-
ased manner, pieces of chromosomal DNA cloned in BACs for 
transcription enhancing elements. This article illustrates how 
insertions of Tn10 with enhancer-traps into BAC DNA contain-
ing the gene, and its germ-line expression in zebrafish, have 
identified distal regulatory elements functionally. Transpo-
sition of Tn10 first introduces the enhancer-trap with a loxP 
site randomly into BAC DNA. Cre-recombination between the 
inserted loxP and the loxP endogenous to a BAC-end posi-
tions the enhancer-trap to the newly created truncated end 
of BAC DNA. The procedure generates a library of integration-
ready enhancer-trap BACs with progressive truncations from 
an end in a single experiment. Individual enhancer-trap BACs 
from the library can be evaluated functionally in zebrafish or 
mice. Furthermore, the ability to readily alter sequences in a 
small transposon plasmid containing a regulatory domain of 
the gene allows re-introduction of altered parts of a BAC back 
into itself. It serves as a useful strategy to functionally dissect 
multiple discontinuous regulatory domains of a gene quickly. 
These methodologies have been successfully used in identify-
ing novel regulatory domains of the Amyloid Precursor Protein 
(appb) gene in zebrafish, and provided important clues for 
regulation of the gene in humans.
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specificities to be useful in heterologous species. Thus a pseudo-
typed retroviral vector was used in zebrafish to obtain integration 
and germ-line transmission of the reporter gene in the enhancer-
trap.8 The approach has also been used with a variety of het-
erologous cell lines.9 Injection of retrovirus into de-chorionated 
fertilized embryos enabled investigators to isolate large numbers 
of zebrafish lines with germ-line integrated enhancer-traps.10 
Traditional enhancer-trapping of this type has no doubt offered 
high-throughput screening formats to isolate numerous enhancer-
trap reporter lines in the animal systems used for such studies. 
However the method requires the trap to be introduced into the 
fertilized egg at the one-cell stage to obtain germ-line expression. 
Accessibility of the genome for insertion of the trap is limited 
and not uniform at this stage of development of the embryo and 
constitutes a potential hurdle. Some regions are more accessible 
than others, and because one cannot have multiple insertions of 
the same trap for an unambiguous analysis, much of the genome 
remains unreachable by this approach. Consequently enhancers 
have been identified in only a small fraction of the genome in 

animals studied, and vast regions appear refractory to enhancer-
trapping by such traditional means. Additionally, approaches 
such as this do not lend themselves easily to identifying and/or 
addressing questions on mechanisms of how multiple enhancers 
in domains that may be discontinuous along the DNA act in 
concert to restrict expression of the gene in a particular tissue. 
This review highlights an alternate way to use mobile genetic ele-
ments to address the complex regulation of expression of genes in 
higher vertebrates.

Potential hurdles to exploring regulation of gene expression 
in higher vertebrates

Although gene regulatory elements in vertebrates also encom-
pass non-coding RNA, splicing elements and sequences that 
mark chromatin structure, here we limit our discussion only to 
those that bind regulatory proteins to direct expression of a gene 
often in a tissue- and time-specific manner. A concerted world-
wide effort during the previous decade led to the availability of 
whole genome sequences of a wide variety of organisms, including 
the human. Sequence comparisons across vertebrate species have 

Figure 1. Schematic representation of enhancer-trapping. (A) Traditional enhancer-trapping. DNA in the chromosome of an organism is represented 
by the crooked line. RE1, RE2, RE3 and RE4 are sequences on the DNA that represent Regulatory Elements. The inverted triangle “M” is a mobile genetic 
element from the organism that has been engineered to render it immobile after insertion, and carries a basal-promoter driven reporter gene “R” 
within its functional ends. It constitutes the enhancer-trap. Insertion of the enhancer-trap into chromosomal DNA places it in cis with other regulatory 
sequences (RE’s) of a cellular gene, and allows the reporter-gene in enhancer-trap to be expressed under the influence of the RE’s of the cellular gene. 
(B) Enhancer-trapping using BACs. A fragment of the same chromosomal DNA with RE2, RE3 and RE4 is shown in a BAC. The inverted triangle represents 
a Tn10 mini-transposon that contains within its 70 bp inverted repeats, a loxP sequence and a basal-promoter driven EGFP gene, shown as BP-EGFP. 
This constitutes the enhancer-trap. The chromosomal DNA in the BAC is flanked by a loxP and a lox511 sequence. Insertion of the Tn10 into BAC DNA 
allows the loxP site in Tn10 to recombine with the loxP site endogenous to BAC, and if both are in the same orientation, delete the intervening DNA. The 
insertion-cum end-deletion process occurs in E. coli, and brings the enhancer-trap in cis with regulatory sequences (RE3, RE4) of the cellular gene. Upon 
integration of the enhancer-trap BAC DNA into the germ-line of the organism, the EGFP gene in enhancer-trap is expressed under the influence of the 
RE’s of the cellular gene.
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led to the identification of highly conserved sequence patches in 
non-coding DNA in genomes.11 Testing the expression of reporter 
genes directed by these highly conserved non-coding elements 
(CNEs) was crucial for determining their tissue of function. 
Transient expression studies, conducted mostly in zebrafish and 
some in mice, elucidated the importance of such CNE-enhancer 
elements in regulating expression of genes mostly under devel-
opmental control.12-14 Several new vector systems, containing 
the inverted repeat sequences of the vertebrate transposon Tol2, 
were designed specifically for getting reporter gene-CNE fusions 
expressed from integrated copies in the germ-line of zebrafish.15-17 
Expression analyses indicated that many of these transcription-
enhancing CNE-sequences were located tens of thousands of 
base pairs removed along the DNA from the start sites of tran-
scription of the gene.12 It is important to note however, that genes 
expressed from small plasmids integrated into the germline also 
frequently suffer from position effects. Thus depending on the 
chromosomal environment, both gene silencing and altered 
expression can occur after transgenesis.18,19 To circumvent this 
hurdle, both “knock-in” technology using homologous recombi-
nation,18 as well as efficient site-specific transgenesis using mobile 
genetic elements such as the Cre-loxP sites,20,21 or the PhiC31 
integrase system,22,23 have been developed. Such developments 
allowed vast numbers of tissue-specific enhancers to be quickly 
characterized functionally using these procedures. However it is 
important to note that such studies largely scored individual ele-
ments directing/ enhancing expression; and that too outside of 
their native contexts in the chromosome.

It has become increasingly clear however that the tissue-speci-
ficity of an isolated enhancer tested out of its native context may 
be quite different from that in the context of its own gene.24 The 
importance of testing gene regulatory elements in their native 
context with large stretches of surrounding DNA sequences to 
capture their complete functional profile was recognized early.25 
Thus Bacterial Artificial Chromosomes, (BACs), originally 
developed for genome sequencing projects,26-28 became a viable 
resource for functional analyses of regulatory elements located 
distantly from the gene. However, modifications of sequence in 
the large 300 kb DNA of a BAC could not be conducted using 
traditional tools of recombinant DNA technology, ie. cutting 
with restriction enzymes and re-joining with ligase, because the 
sites are too numerous. Thus a variety of DNA recombination 
reactions became the tools of choice to alter sequences in BACs. 
Two of these methodologies developed use homologous recombi-
nation, while the third approach is based on the sequential use of 
a series of mobile genetic elements.

Methodology for Exploring Regulation  
of Gene Expression in Higher Vertebrates

Using homologous recombination for altering sequences in 
BACs

In the first approach the major recombination function of 
E.coli, RecA, was re-introduced into the host bacterium DH10B 
which was made severely deficient in recombination in order 

to propagate vertebrate DNA.29 Large amounts of repetitive 
sequences, considered to be fossils of inactive mobile genetic ele-
ments, exist in vertebrate DNA and low recombination activity 
in DH10B was necessary to prevent the BAC DNA from rear-
ranging. The second approach introduced the recombination 
functions of phage λ, namely red α, red β and red γ into DH10B. 
It used shorter homologous sequences for recombination to intro-
duce exogenous DNA cassettes into BACs.30 Both methods have 
been widely used to engineer sequences in BAC DNA. They 
include introducing reporter gene cassettes in frame into the first 
exon of the target gene, mutating sequences at a chosen site, and 
introducing loxP sequences.31-41 BACs containing the β-globin 
gene were functionalized with EGFP reporter gene using RedET-
recombination and expressed in stable erythropoietic cell lines.36 
RecA-mediated homologous recombination was used to intro-
duce a LacZ reporter gene cassette into the Gdf6 transcription 
unit and long-range regulatory sequences mapped using a series 
of BAC deletions in transgenic mice.37 A set of 97 mixed CAA-
CAG repeats was introduced into the human htt gene in a BAC 
by RecA mediated recombination to build a mouse model of 
Huntingtin’s disease.40 Human BAC clones with 1 kb deletions 
made by RedET-recombination were used in transgenic mice to 
functionally identify cell lineage-specific regulatory elements 
30 kb upstream of the IFNG gene.41 BAC modification proce-
dures of moderate throughput and using RedET recombination 
to introduce the GFP cassette and iTol2 for integration into the 
zebrafish germ-line have been described.42 Methodology to con-
struct transgenic animals with functionalized BACs in mice,43 or 
zebrafish,44 have been reviewed recently. Because modifications 
are targeted in the BAC, initiated one alteration at a time, both 
methodologies are most useful when clues for specific sequence 
changes leading to altered function are available. However such 
hints do not always exist, for example when there is no conserva-
tion of sequence across species in regulatory domains of a gene 
with similar function.45-48

Functionalizing BACs with mobile genetic elements: Tn10 
transposition followed by progressive end-deletions place exog-
enous DNA at BAC-ends

A different way to introduce sequences in BACs also uses 
recombination but does not rely upon sequence homology 
between vector DNA and genomic inserts of BACs. Mobile 
genetic elements such as the transposon Tn10 can introduce 
exogenous DNA, including lox sites, at random locations in 
BACs.49,50 Procedures for deleting DNA sequentially from the 
ends of cloned genomic inserts had been developed earlier using 
several other transposon systems, but are limited in scope because 
those methods necessitated additional steps of modifications and 
sub-cloning of the BAC DNA.51,52 The loxP-Tn10 approach does 
not require sub-cloning genomic DNA and it can be used directly 
on all BACs in the public domain.

The recombination machinery from a different mobile ele-
ment, namely the Cre-lox system of phage P1, is then used to 
position the exogenous DNA randomly inserted by Tn10 pre-
cisely to the ends of genomic DNA inserts in BACs.53-55 Deletion 
of BAC DNA from the site of insertion of loxP-Tn10 to the loxP 
end of genomic insert DNA makes this possible (Fig.  1). The 



e29759-4	 Mobile Genetic Elements	V olume 4 

loxP sequence, placed within the 70 base inverted repeat ends of 
the Tn10 mini-transposon, not only helps truncate the interven-
ing DNA between the insertion site and the loxP-end of BACs 
but also places the exogenous DNA cassette at the newly created 
end (see refs. 56 and 57 for details). Not all sequences transposed 
into BAC DNA by Tn10 survive the Cre-lox recombination, as 
illustrated in Figures 1 and 2. The Cre-lox recombination reac-
tion has directionality, and only sequence in front of the loxP or 
lox511 arrowheads in the Tn10 transposon are retained at the 
newly created end of BAC DNA, while sequence behind the 
arrowheads are lost.56,57 This key feature of the BAC end-deletion 
procedure is utilized in the diverse applications noted below. 
Half of all insertions can create deletions because the loxP in 
Tn10 and the one endogenous to the BAC need to be in the same 

orientation. Because P1 phage heads have packaging capacity of 
~110 kb of DNA, employing P1-headful packaging in the proce-
dure helps isolate only the deletions if the starting BAC is greater 
than ~110 kb. Deletions from the opposite end of BAC inserts 
can be made identically using a lox511-Tn10.59 Contrary to sev-
eral earlier reports, cross-recombination between loxP and lox511 
does not occur in our approach where Cre protein is synthesized 
in the bacterial host by a phage P1 infection.56,59

Using these procedures libraries of BACs deleted from either 
the loxP end, the lox511 end or both ends of insert DNA can be 
generated (refs. 56,57 for details of procedures). Thus in con-
trast to methods using sequence homology based recombination 
to engineer end-deletions, which can produce only one altera-
tion at a time, the loxP or lox511 transposon based approach 

Figure 2. Schematic representation of enhancer-trapping using BACs containing the zebrafish appb gene. (A) An enhancer-trap comprising of a basal 
promoter EGFP gene flanked by 0.3 kb DNA immediately upstream of appb (UE), and 0.8 kb DNA containing the intron 1 enhancer (IE), was placed in 
front of the loxP sequence in the Tn10 transposon. Insertions of this enhancer-trap transposon into appb BACs and Cre-recombination generate libraries 
of BACs with DNA progressively deleted from the loxP end with the EGFP enhancer-trap, (ET), at the newly created end. After characterization, suitable 
BACs from the library are expressed individually in zebrafish embryos. Expression analysis of a large number of enhancer-trap appb BACs indicates that 
~31 kb of DNA immediately upstream of the appb transcription start site is important for neuronal expression of appb: in its presence expression is in 
neurons (inset), while in its absence expression switches to the notochord of zebrafish (inset). Injection of enhancer-trap transposon plasmid DNA itself, 
without the BAC, also gives this notochord expression pattern.54,58 (B) Schematic representation of insertion of the Tnlox511-iTol2kan transposon into 
enhancer-trap BAC DNA: The iTol2 cassette is located in front of the lox511 arrowhead. Insertion of ends of the vertebrate transposon iTol2 renders these 
enhancer-trap BACs integration ready.55 The red and purple arrowheads pointing outward in the iTol2kan cassette correspond to the 200 bp inverted 
repeat end R and 150 bp inverted repeat end L of the Tol2 transposon.
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can generate large collections of end-deleted BACs with exog-
enous sequence cassettes at the newly created end in a single 
experiment.

The variety of DNA cassettes introduced into BACs include 
sequencing primer binding sites, mammalian cell-selectable anti-
biotic resistance genes, enhancer-traps and sequences specifically 
recognized by the transposase of another vertebrate transposon 
system, Tol2.55 Significantly, the recombinases mediating these 
transformations, Tn10-transposase and Cre protein, do not act 
upon sequence repeats and/or other recombinogenic sites in the 
genomic DNA insert to rearrange it. This particular character-
istic makes the approach applicable to a wider variety of BACs, 
including those containing high levels of repetitive sequences in 
them (see ref. 53 for an example).

Insertions of Tn10 into BAC DNA from a wide variety of 
vertebrate genomes appear to be random, demonstrating little 
sequence specificity for transposition.53 The reason for this lack 
of sequence specificity for insertions of a prokaryotic transposon 
into vertebrate DNA in BACs is unclear, because insertions of 
Tn10 into prokaryotic DNA have long been known to prefer a 
somewhat degenerate consensus site.60 The minor sequence pref-
erences for insertions of Tn10 observed in BACs probably have 
more to do with the accessibility of sites for Tn10 insertions than 
specificity for sequences. Note that E. coli has histone-like pro-
teins, known as HU protein, which package the vertebrate DNA 
in the BAC and could modulate accessibility for transposon inser-
tions. Transposition of Tn10 into a rare BAC clone occasionally 
displays apparent sequence selectivity.61 However, this was shown 
to arise from a clonal expansion process from amplifying a single 
colony of Tn10 plasmid-transformed BAC that had induced the 
transposase gene prior to actual induction with Isopropyl β-D-
1-thiogalactopyranoside (IPTG). Inducing a large pool of Tn10 
plasmid-transformed BAC colonies, instead of a single clone, rec-
tifies this potential problem.61

Results and Discussion

Using mobile genetic elements to study gene regulation
Truncating BAC ends sequentially with simultaneous delivery 

of exogenous DNA to the newly created end is integral to the 
lox-Tn10 approach outlined above and holds promise for a variety 
of mapping projects. These include locating genetic markers and 
regulatory elements on physical maps of chromosomes and func-
tionally identifying distal cis-acting regulatory sequences located 
tens of thousands of base-pairs along the DNA from genes. Many 
of the hurdles to analyzing long-range enhancers by traditional 
enhancer-trapping, can be overcome by expressing BACs retro-
fitted with enhancer-traps. Mechanistic questions exploring the 
role of individual gene-regulatory sequences can be addressed 
easily using enhancer-trap BACs, while genes with segmented 
domains of regulation can be dissected functionally. Ability to 
generate libraries of enhancer-trap BACs in a single experiment 
makes the approach viable. Expressing a panel of end-deleted 
BACs from these libraries, individually, in zebrafish has the anal-
ogous effect of scanning the entire BAC DNA functionally with 

enhancer-traps. The process can be repeated with several overlap-
ping BACs from a contig spanning a chromosome locus.

There is one additional challenge in gene regulation the loxP-
Tn10 approach can address. Distribution of CNEs in vertebrate 
genomes indicate that a substantial number (~30%) of long-
range regulators of transcription remain outside the size range 
of 300 kb BACs to be housed together with the gene it regu-
lates.12 Thus juxtaposing “far away” gene-regulatory elements 
located beyond that can be accommodated in BACs by using 
lox-Tn10 transposons as a delivery vehicle remains a viable alter-
native. Conceivably, the long range regulatory sequence can be 
loaded onto a loxP- or lox511-Tn10 transposon and delivered to 
one or the other end of BAC DNA containing the gene with its 
other regulators, and tested quickly using our approach. The full 
potential of this strategy awaits assessment.

Finally, for genes that are essential for survival of the organ-
ism, sequence disruptions caused by inserting the trap into the 
chromosomal copy of the gene or its surrounding DNA dur-
ing traditional enhancer-trapping may not be permissible. With 
enhancer-trap BACs, the endogenous copy of the gene in the 
germ-line is left intact and allowed to function normally.

Mechanism of Regulation of Amyloid Precursor 
Protein (appb) Gene in Zebrafish and Humans

The loxP-Tn10 enhancer-trap technology has been used 
with BACs containing the appb gene as illustrated schemati-
cally in Figure 2. Well characterized end-deleted BACs from the 
enhancer-trap libraries were expressed in zebrafish to function-
ally identify distal non-contiguous regulatory elements of the 
zebrafish appb gene. Although further removed from humans 
than mice evolutionarily, zebrafish has become a popular model 
system in recent years due to a variety of reasons which include 
optical transparency of its embryo. The model has been used 
exhaustively to explore the expression enhancing properties of 
highly conserved non-coding DNA in vertebrates.12,13 However, 
functional non-coding DNA is sometimes not conserved in 
many developmentally regulated genes including appb.45-48,54 
Identifying regulatory DNA domains in the appb gene has 
therefore been a challenge. The enhancer-trap approach is par-
ticularly useful in such circumstances because it allows one to 
scan a series of overlapping BACs containing the gene to iden-
tify regulatory sequences without having to guess potential reg-
ulatory domains to test. The general location of all regulatory 
domains, upstream and/or downstream of the transcription start 
site (TSS), need to be determined at the outset. This was done 
using the enhancer-trap Tn-US to scan BACs containing the appb 
gene.54 Tn-US comprised of only the 300 bp DNA immediately 
upstream of appb TSS, fused to the promoter-less EGFP gene 
in a loxP-Tn10 transposon. Tn-US enhancer-trap BACs gave no 
expression of EGFP in any tissue. This established the require-
ment of an appb enhancer downstream of the TSS. In the absence 
of the downstream enhancer in intron 1, there is no expression 
of a BAC transgene that contained approximately 100 kb of 5′ 
sequences, indicating that sequences upstream of the TSS alone 
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were insufficient to express the gene. Subsequent enhancer-traps 
were therefore built to include the minimal intron 1 enhancer 
element.54,58

Transcription Factor E4BP4/ NFIL3 Binding Sites 
Required for Regulating appb

Full-length enhancer-trap BACs built with the minimal intron 
1 enhancer expressed appb in a pattern similar to the endogenous 
gene in neurons of zebrafish.62 However enhancer-trap BACs 
with intron 1 enhancer deleted for sequences extending until −31 
kb, expressed GFP fluorescence specifically in the notochord of 
zebrafish (Fig. 2A). These experiments highlighted the impor-
tance of a second regulatory region located between 28 and 31 
kb upstream of the gene for guiding appb expression specifically 
to neurons. Deleting this upstream region shifted the expres-
sion pattern from being neuron-specific to notochord-specific, 
which is the default pattern observed with the basal promoter 
plus intron enhancer combination.54 Consistent with this finding 
expression of GFP in neurons of enhancer-trap BACs with a full 

complement of upstream sequences reverted to specific expression 
in the notochord when the three E4BP4 sites at −31 kb of zebraf-
ish appb was deleted with a Tnlox511-iTol2kan transposon from 
the opposite end of BAC DNA (Fig. 2B). These upstream sites 
also bound the E4BP4 DNA binding protein domain, expressed 
in E. coli, efficiently and selectively in vitro.58

Functional Dissection of Discontinuous Regulatory 
Domains is Convenient using Mobile Elements

Regulation of genes expressed during development can 
be complex, and dissecting the multiple discontinuous DNA 
domains functionally can be a daunting task.63 It became clear 
early on that expression of the zebrafish appb gene during 
development of the embryo involved two discontinuous DNA 
domains.54 Functional dissection of such regulatory domains 
is difficult using other BAC recombineering strategies because 
potential regulatory sequences to test remained elusive to pre-
dict or identify. In the absence of cross-species sequence con-
servation, as with the appb gene, the effort can be extremely 

Figure 3. Location of E4BP4 (E, green), XFD1 (X, red) and end-mutated XFD1 sites shown here as XFD2 (Y red), in non-coding DNA in and around the 
zebrafish appb gene (top), and human APP gene (bottom). Green and red vertical lines above or below the horizontal line indicate sites in the forward 
and reverse strand of DNA, respectively. Short yellow vertical bars indicate exons of appb gene in zebrafish of APP gene in humans. The first three exons 
of human APP are very close to one another near the transcription start site. Stars indicate E4BP4 sites that either bound E4BP4 protein in vitro (zebrafish 
appb), or were marked by H3K9Ac in chromatin immune-precipitation (ChIP) assays with the human cell-line SHSY5Y expressing the APP gene.58 The 
bent arrow indicates transcription start site in the two genes.
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tedious because alterations need to be done one at a time. Mobile 
elements such as Tn10 greatly facilitate such analyses by help-
ing deliver sequence alterations of certain regions of the BAC, 
such as sequences in the intron 1 enhancer, back into itself quite 
efficiently.58

Mutating the intron 1 enhancer in enhancer-trap BACs was 
relatively easy because sequence changes in a small plasmid can 
be done quickly. The small Tn10 enhancer-trap plasmid con-
taining the intron 1 enhancer was mutated by standard proce-
dures. Each mutated Tn10 was then inserted into appb BACs to 
generate a library of enhancer-trap BACs with a specific muta-
tion in the intron 1 enhancer. A select group of enhancer-trap 
BACs from 18 such libraries, constructed with numerous mutant 
intron 1 enhancers was expressed in zebrafish. Expression analy-
ses indicated binding sites of at least two known transcription 
factors are important for function. They are the clock-regulated 
immune system modulator transcription factor E4BP4/ NFIL3 
and members of the Forkhead gene family (XFD1). A search of 
non-coding DNA in introns and the 50 kb sequence flanking 
the appb gene for additional binding sites revealed a ~8-fold and 
~11-fold greater frequency than statistical of E4BP4 and XFD1 
sites, respectively (Fig. 3). Although comparison of zebrafish and 
human APP did not reveal substantially conserved non-coding 
sequences that could represent regulatory elements, conserva-
tion of gene expression via use of the same transcription fac-
tors was hypothesized. Support for the proposal comes from the 
finding that E4BP4/NFIL3 binding sites are over represented 
also at the human APP locus, as seen in Figure 3. Strikingly, 
one such cluster of four E4BP4 sites in the fourth intron of the 
human APP gene was marked by a peak of acetylated histones 
in a human neuroblastoma cell line that expressed APP.58 Thus 
it appears that E4BP4/ NFIL3 may regulate human APP expres-
sion via binding to distal regulatory sequences. Higher than sta-
tistical frequency of E4BP4/ NFIL3 sites have also been noted 
in both mouse (13 sites), and rat (10 sites) APP (unpublished 
observations).

Levels of soluble Amyloid Precursor Protein and its peptide 
fragments have been analyzed as a way to identify patients with 
incipient Alzheimer disease.64 A circadian pattern in the varia-
tion of β-amyloid levels in mice brains was also observed.65 It 
is therefore intriguing to note in this context that transcription 
factor E4BP4/ NFIL3 has long been known to be clock reg-
ulated.66,67 NFIL3 is also intricately linked with the immune 
system, where it is required for protecting natural killer (NK) 
T cells68 and regulate IL-12 p40 in macrophages.69 If E4BP4/ 
NFIL3 were to also regulate human APP expression then it 
would help us connect in molecular terms the importance of 
immunological and inflammatory processes that underlie the 
onset of Alzheimer disease in humans. Thus far, only the pathol-
ogy and physiology of Alzheimer patients have led clinicians to 
these conclusions.70

Regulation of appb in Zebrafish and APP in Humans 
by the Forkhead Family of Transcription Factors

Some members of the forkhead family of transcription factors, 
namely fkd1, fkd2 and fkd4, are expressed only in the notochord 
of zebrafish embryos.71 This could explain why the expression of 
EGFP from enhancer-trap appb-BACs is exclusive to the noto-
chord for BACs with the three E4BP4/ NFIL3 sites at −31 kb 
deleted.54,58 A suppressor role for E4BP4/ NFIL3 is consistent 
with this scenario and supported by recent reports.66,69,72 The 
requirement of the forkhead binding site in intron 1 enhancer for 
function, and the much higher than statistical frequency of fork-
head sites in and around the appb gene in zebrafish (represented 
as X in Fig. 3), also suggest a regulatory role for this family of 
transcription factors.

However fkd sites are not over-represented in human APP. 
Although there are only two sites with the XFD1 consensus 
sequence (shown as X in Fig. 3), sites with 8 of 9 bases identi-
cal (consecutively) to the consensus exist far more abundantly 
in human APP (13 additional end-mutated sites were identified, 
designated as XFD2 and represented as Y in Fig. 3). It is tempt-
ing to speculate that Fkd protein complexes potentially capable of 
binding to such sites might have evolved in higher vertebrates to 
accommodate the single end-nucleotide change. Note that XFD2 
sites, Y, are less common in zebrafish appb (Fig. 3). The recently 
described Crisper-Cas-9 technology should help address whether 
the end-mutated fkd sites, Y, in the human APP gene are actually 
required for regulating APP expression in the human neuroblas-
toma lines.73

A novel interplay between Fkd and E4BP4/ NFIL3 is pro-
posed to regulate expression of appb specifically to neurons of 
zebrafish, most likely through other proteins. The findings, if 
true, would suggest that appb in zebrafish and APP in humans 
follow a similar regulatory logic using the same set of transcrip-
tion factors, despite a lack of sequence similarity in their regula-
tory DNA domains. It suggests potential regulatory pathways for 
the human APP gene may be discovered on the model of conser-
vation of transcription factors.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

The project described was supported by Award Number 
P20MD000175 from the National Center on Minority Health 
and Health Disparities (NCMHD) and funds from the North 
Carolina Biotechnology Center. The content is solely the respon-
sibility of the authors and does not necessarily represent the offi-
cial views of the NCMHD or the National Institutes of Health. 
We thank Ms Rosalind Grays, Camilla Felton, Connie Keys, 
Crystal McMichael, Jody Lewis, and Darlene Laws for sup-
port and encouragement. PKC would like to thank Drs Ken 
Harewood and Sean Kimbro for encouragement and support.



e29759-8	 Mobile Genetic Elements	V olume 4 

References
1.	 Casadaban MJ, Cohen SN. Lactose genes fused to 

exogenous promoters in one step using a Mu-lac bac-
teriophage: in vivo probe for transcriptional control 
sequences. Proc Natl Acad Sci U S A 1979; 76:4530-
3; PMID:159458; http://dx.doi.org/10.1073/
pnas.76.9.4530

2.	 Kenyon CJ, Walker GC. DNA-damaging agents 
stimulate gene expression at specific loci in Escherichia 
coli. Proc Natl Acad Sci U S A 1980; 77:2819-
23; PMID:6771759; http://dx.doi.org/10.1073/
pnas.77.5.2819

3.	 O’Kane CJ, Gehring WJ. Detection in situ of genomic 
regulatory elements in Drosophila. Proc Natl Acad 
Sci U S A 1987; 84:9123-7; PMID:2827169; http://
dx.doi.org/10.1073/pnas.84.24.9123

4.	 Wilson C, Pearson RK, Bellen HJ, O’Kane CJ, 
Grossniklaus U, Gehring WJ. P-element-mediated 
enhancer detection: an efficient method for isolat-
ing and characterizing developmentally regulated 
genes in Drosophila. Genes Dev 1989; 3:1301-
13; PMID:2558051; http://dx.doi.org/10.1101/
gad.3.9.1301

5.	 Korn R, Schoor M, Neuhaus H, Henseling U, 
Soininen R, Zachgo J, Gossler A. Enhancer trap inte-
grations in mouse embryonic stem cells give rise to 
staining patterns in chimaeric embryos with a high 
frequency and detect endogenous genes. Mech Dev 
1992; 39:95-109; PMID:1283314; http://dx.doi.
org/10.1016/0925-4773(92)90029-J

6.	 Balciunas D, Davidson AE, Sivasubbu S, Hermanson 
SB, Welle Z, Ekker SC. Enhancer trapping in zebraf-
ish using the Sleeping Beauty transposon. BMC 
Genomics 2004; 5:62; PMID:15347431; http://
dx.doi.org/10.1186/1471-2164-5-62

7.	 Grabher C, Henrich T, Sasado T, Arenz A, Wittbrodt 
J, Furutani-Seiki M. Transposon-mediated enhancer 
trapping in medaka. Gene 2003; 322:57-66; 
PMID:14644497; http://dx.doi.org/10.1016/j.
gene.2003.09.009

8.	 Lin S, Gaiano N, Culp P, Burns JC, Friedmann T, Yee 
JK, Hopkins N. Integration and germ-line transmis-
sion of a pseudotyped retroviral vector in zebrafish. 
Science 1994; 265:666-9; PMID:8036514; http://
dx.doi.org/10.1126/science.8036514

9.	 Burns JC, Friedmann T, Driever W, Burrascano M, 
Yee JK. Vesicular stomatitis virus G glycoprotein 
pseudotyped retroviral vectors: concentration to very 
high titer and efficient gene transfer into mammalian 
and nonmammalian cells. Proc Natl Acad Sci U S 
A 1993; 90:8033-7; PMID:8396259; http://dx.doi.
org/10.1073/pnas.90.17.8033

10.	 Ellingsen S, Laplante MA, König M, Kikuta 
H, Furmanek T, Hoivik EA, Becker TS. Large-
scale enhancer detection in the zebrafish genome. 
Development 2005; 132:3799-811; PMID:16049110; 
http://dx.doi.org/10.1242/dev.01951

11.	 Ahituv N, Prabhakar S, Poulin F, Rubin EM, 
Couronne O. Mapping cis-regulatory domains in 
the human genome using multi-species conserva-
tion of synteny. Hum Mol Genet 2005; 14:3057-63; 
PMID:16155111; http://dx.doi.org/10.1093/hmg/
ddi338

12.	 Woolfe A, Goodson M, Goode DK, Snell P, McEwen 
GK, Vavouri T, Smith SF, North P, Callaway H, Kelly 
K, et  al. Highly conserved non-coding sequences 
are associated with vertebrate development. PLoS 
Biol 2005; 3:e7; PMID:15630479; http://dx.doi.
org/10.1371/journal.pbio.0030007

13.	 Shin JT, Priest JR, Ovcharenko I, Ronco A, Moore 
RK, Burns CG, MacRae CA. Human-zebrafish non-
coding conserved elements act in vivo to regulate 
transcription. Nucleic Acids Res 2005; 33:5437-45; 
PMID:16179648; http://dx.doi.org/10.1093/nar/
gki853

14.	 Pennacchio LA, Ahituv N, Moses AM, Prabhakar S, 
Nobrega MA, Shoukry M, Minovitsky S, Dubchak 
I, Holt A, Lewis KD, et al. In vivo enhancer analysis 
of human conserved non-coding sequences. Nature 
2006; 444:499-502; PMID:17086198; http://dx.doi.
org/10.1038/nature05295

15.	 Kawakami K, Takeda H, Kawakami N, Kobayashi 
M, Matsuda N, Mishina M. A transposon-mediated 
gene trap approach identifies developmentally regu-
lated genes in zebrafish. Dev Cell 2004; 7:133-44; 
PMID:15239961; http://dx.doi.org/10.1016/j.
devcel.2004.06.005

16.	 Nagayoshi S, Hayashi E, Abe G, Osato N, Asakawa 
K, Urasaki A, Horikawa K, Ikeo K, Takeda H, 
Kawakami K. Insertional mutagenesis by the Tol2 
transposon-mediated enhancer trap approach gen-
erated mutations in two developmental genes: tcf7 
and synembryn-like. Development 2008; 135:159-
69; PMID:18065431; http://dx.doi.org/10.1242/
dev.009050

17.	 Bessa J, Tena JJ, de la Calle-Mustienes E, Fernández-
Miñán A, Naranjo S, Fernández A, Montoliu L, 
Akalin A, Lenhard B, Casares F, et  al. Zebrafish 
enhancer detection (ZED) vector: a new tool to 
facilitate transgenesis and the functional analysis of 
cis-regulatory regions in zebrafish. Dev Dyn 2009; 
238:2409-17; PMID:19653328; http://dx.doi.
org/10.1002/dvdy.22051

18.	 Bronson SK, Plaehn EG, Kluckman KD, Hagaman 
JR, Maeda N, Smithies O. Single-copy transgenic 
mice with chosen-site integration. Proc Natl Acad Sci 
U S A 1996; 93:9067-72; PMID:8799155; http://
dx.doi.org/10.1073/pnas.93.17.9067

19.	 Giraldo P, Montoliu L. Size matters: use of YACs, 
BACs and PACs in transgenic animals. Transgenic 
Res 2001; 10:83-103; PMID:11305364; http://
dx.doi.org/10.1023/A:1008918913249

20.	 Araki K, Araki M, Yamamura K. Targeted integra-
tion of DNA using mutant lox sites in embryonic 
stem cells. Nucleic Acids Res 1997; 25:868-72; 
PMID:9016639; http://dx.doi.org/10.1093/
nar/25.4.868

21.	 Liu WY, Wang Y, Qin Y, Wang YP, Zhu ZY. Site-
directed gene integration in transgenic zebrafish 
mediated by cre recombinase using a combination of 
mutant lox sites. Mar Biotechnol (NY) 2007; 9:420-
8; PMID:17503154; http://dx.doi.org/10.1007/
s10126-007-9000-x

22.	 Mosimann C, Puller AC, Lawson KL, Tschopp 
P, Amsterdam A, Zon LI. Site-directed zebraf-
ish transgenesis into single landing sites with the 
phiC31 integrase system. Dev Dyn 2013; 242:949-
63; PMID:23723152; http://dx.doi.org/10.1002/
dvdy.23989

23.	 Kirchmaier S, Höckendorf B, Möller EK, Bornhorst 
D, Spitz F, Wittbrodt J. Efficient site-specific trans-
genesis and enhancer activity tests in medaka using 
PhiC31 integrase. Development 2013; 140:4287-
95; PMID:24048591; http://dx.doi.org/10.1242/
dev.096081

24.	 Chatterjee S, Lufkin T. Regulatory genomics: 
Insights from the zebrafish. Curr Top Genet 2012; 
5:1-10; PMID:23440612

25.	 Simon MI. Dysfunctional genomics: BACs to the res-
cue. Nat Biotechnol 1997; 15:839; PMID:9306392; 
http://dx.doi.org/10.1038/nbt0997-839

26.	 Shizuya H, Birren B, Kim UJ, Mancino V, Slepak 
T, Tachiiri Y, Simon M. Cloning and stable main-
tenance of 300-kilobase-pair fragments of human 
DNA in Escherichia coli using an F-factor-based 
vector. Proc Natl Acad Sci U S A 1992; 89:8794-
7; PMID:1528894; http://dx.doi.org/10.1073/
pnas.89.18.8794

27.	 Osoegawa K, Woon PY, Zhao B, Frengen E, Tateno 
M, Catanese JJ, de Jong PJ. An improved approach 
for construction of bacterial artificial chromosome 
libraries. Genomics 1998; 52:1-8; PMID:9740665; 
http://dx.doi.org/10.1006/geno.1998.5423

28.	 Frengen E, Weichenhan D, Zhao B, Osoegawa K, 
van Geel M, de Jong PJ. A modular, positive selec-
tion bacterial artificial chromosome vector with 
multiple cloning sites. Genomics 1999; 58:250-
3; PMID:10373322; http://dx.doi.org/10.1006/
geno.1998.5693

29.	 Yang XW, Model P, Heintz N. Homologous recom-
bination based modification in Escherichia coli 
and germline transmission in transgenic mice of 
a bacterial artificial chromosome. Nat Biotechnol 
1997; 15:859-65; PMID:9306400; http://dx.doi.
org/10.1038/nbt0997-859

30.	 Zhang Y, Buchholz F, Muyrers JP, Stewart AF. A 
new logic for DNA engineering using recombina-
tion in Escherichia coli. Nat Genet 1998; 20:123-8; 
PMID:9771703; http://dx.doi.org/10.1038/2417

31.	 Jessen JR, Meng A, McFarlane RJ, Paw BH, Zon LI, 
Smith GR, Lin S. Modification of bacterial artificial 
chromosomes through chi-stimulated homologous 
recombination and its application in zebrafish trans-
genesis. Proc Natl Acad Sci U S A 1998; 95:5121-
6; PMID:9560239; http://dx.doi.org/10.1073/
pnas.95.9.5121

32.	 Muyrers JP, Zhang Y, Testa G, Stewart AF. Rapid 
modification of bacterial artificial chromosomes by 
ET-recombination. Nucleic Acids Res 1999; 27:1555-
7; PMID:10037821; http://dx.doi.org/10.1093/
nar/27.6.1555

33.	 Gong S, Yang XW, Li C, Heintz N. Highly efficient 
modification of bacterial artificial chromosomes 
(BACs) using novel shuttle vectors containing the 
R6Kgamma origin of replication. Genome Res 
2002; 12:1992-8; PMID:12466304; http://dx.doi.
org/10.1101/gr.476202

34.	 Warming S, Costantino N, Court DL, Jenkins NA, 
Copeland NG. Simple and highly efficient BAC 
recombineering using galK selection. Nucleic Acids 
Res 2005; 33:e36; PMID:15731329; http://dx.doi.
org/10.1093/nar/gni035

35.	 Yang Z, Jiang H, Chaichanasakul T, Gong S, Yang 
XW, Heintz N, Lin S. Modified bacterial artificial 
chromosomes for zebrafish transgenesis. Methods 
2006; 39:183-8; PMID:16828309; http://dx.doi.
org/10.1016/j.ymeth.2006.04.011

36.	 Orford M, Nefedov M, Vadolas J, Zaibak F, 
Williamson R, Ioannou PA. Engineering EGFP 
reporter constructs into a 200 kb human beta-globin 
BAC clone using GET Recombination. Nucleic Acids 
Res 2000; 28:E84; PMID:10982895; http://dx.doi.
org/10.1093/nar/28.18.e84

37.	 Mortlock DP, Guenther C, Kingsley DM. A gen-
eral approach for identifying distant regulatory 
elements applied to the Gdf6 gene. Genome Res 
2003; 13:2069-81; PMID:12915490; http://dx.doi.
org/10.1101/gr.1306003

38.	 Jessen JR, Willett CE, Lin S. Artificial chromosome 
transgenesis reveals long-distance negative regula-
tion of rag1 in zebrafish. Nat Genet 1999; 23:15-6; 
PMID:10471489; http://dx.doi.org/10.1038/12609

39.	 Carvajal JJ, Cox D, Summerbell D, Rigby PW. A 
BAC transgenic analysis of the Mrf4/Myf5 locus 
reveals interdigitated elements that control activation 
and maintenance of gene expression during muscle 
development. Development 2001; 128:1857-68; 
PMID:11311165

40.	 Gray M, Shirasaki DI, Cepeda C, André VM, Wilburn 
B, Lu X-H, Tao J, Yamazaki I, Li SH, Sun YE, et al. 
Full-length human mutant huntingtin with a stable 
polyglutamine repeat can elicit progressive and selec-
tive neuropathogenesis in BACHD mice. J Neurosci 
2008; 28:6182-95; PMID:18550760; http://dx.doi.
org/10.1523/JNEUROSCI.0857-08.2008

41.	 Collins PL, Chang S, Henderson M, Soutto M, Davis 
GM, McLoed AG, Townsend MJ, Glimcher LH, 
Mortlock DP, Aune TM. Distal regions of the human 
IFNG locus direct cell type-specific expression. J 
Immunol 2010; 185:1492-501; PMID:20574006; 
http://dx.doi.org/10.4049/jimmunol.1000124



www.landesbioscience.com	 Mobile Genetic Elements	 e29759-9

42.	 Bussmann J, Schulte-Merker S. Rapid BAC selec-
tion for tol2-mediated transgenesis in zebrafish. 
Development 2011; 138:4327-32; PMID:21865323; 
http://dx.doi.org/10.1242/dev.068080

43.	 Fu Y, Maye P. Engineering BAC reporter gene con-
structs for mouse transgenesis. Methods Mol Biol 
2011; 693:163-79; PMID:21080280; http://dx.doi.
org/10.1007/978-1-60761-974-1_10

44.	 Suster ML, Abe G, Schouw A, Kawakami K. 
Transposon-mediated BAC transgenesis in zebrafish. 
Nat Protoc 2011; 6:1998-2021; PMID:22134125; 
http://dx.doi.org/10.1038/nprot.2011.416

45.	 Fisher S, Grice EA, Vinton RM, Bessling SL, 
McCallion AS. Conservation of RET regulatory func-
tion from human to zebrafish without sequence simi-
larity. Science 2006; 312:276-9; PMID:16556802; 
http://dx.doi.org/10.1126/science.1124070

46.	 Blow MJ, McCulley DJ, Li Z, Zhang T, Akiyama 
JA, Holt A, Plajzer-Frick I, Shoukry M, Wright C, 
Chen F, et al. ChIP-Seq identification of weakly con-
served heart enhancers. Nat Genet 2010; 42:806-10; 
PMID:20729851; http://dx.doi.org/10.1038/ng.650

47.	 Kague E, Bessling SL, Lee J, Hu G, Passos-Bueno 
MR, Fisher S. Functionally conserved cis-regulatory 
elements of COL18A1 identified through zebraf-
ish transgenesis. Dev Biol 2010; 337:496-505; 
PMID:19895802; http://dx.doi.org/10.1016/j.
ydbio.2009.10.028

48.	 Taher L, McGaughey DM, Maragh S, Aneas I, 
Bessling SL, Miller W, Nobrega MA, McCallion 
AS, Ovcharenko I. Genome-wide identification of 
conserved regulatory function in diverged sequences. 
Genome Res 2011; 21:1139-49; PMID:21628450; 
http://dx.doi.org/10.1101/gr.119016.110

49.	 Chatterjee PK, Coren JS. Isolating large nested dele-
tions in bacterial and P1 artificial chromosomes by 
in vivo P1 packaging of products of Cre-catalysed 
recombination between the endogenous and a trans-
posed loxP site. Nucleic Acids Res 1997; 25:2205-
12; PMID:9153322; http://dx.doi.org/10.1093/
nar/25.11.2205

50.	 Chatterjee PK, Yarnall DP, Haneline SA, Godlevski 
MM, Thornber SJ, Robinson PS, Davies HE, White 
NJ, Riley JH, Shepherd NS. Direct sequencing of 
bacterial and P1 artificial chromosome-nested dele-
tions for identifying position-specific single-nucle-
otide polymorphisms. Proc Natl Acad Sci U S A 
1999; 96:13276-81; PMID:10557311; http://dx.doi.
org/10.1073/pnas.96.23.13276

51.	 Wang G, Blakesley RW, Berg DE, Berg CM. pDUAL: 
a transposon-based cosmid cloning vector for generat-
ing nested deletions and DNA sequencing templates 
in vivo. Proc Natl Acad Sci U S A 1993; 90:7874-
8; PMID:8395057; http://dx.doi.org/10.1073/
pnas.90.16.7874

52.	 Devine SE, Chissoe SL, Eby Y, Wilson RK, Boeke 
JD. A transposon-based strategy for sequencing repet-
itive DNA in eukaryotic genomes. Genome Res 1997; 
7:551-63; PMID:9149950

53.	 Gilmore RC, Baker J Jr., Dempsey S, Marchan R, 
Corprew RNL Jr., Byrd G, Maeda N, Smithies O, 
Bukoski RD, Harewood KR, et al. Using PAC nested 
deletions to order contigs and microsatellite mark-
ers at the high repetitive sequence containing Npr3 
gene locus. Gene 2001; 275:65-72; PMID:11574153; 
http://dx.doi.org/10.1016/S0378-1119(01)00654-0

54.	 Shakes LA, Malcolm TL, Allen KL, De S, Harewood 
KR, Chatterjee PK. Context dependent function 
of APPb enhancer identified using enhancer trap-
containing BACs as transgenes in zebrafish. Nucleic 
Acids Res 2008; 36:6237-48; PMID:18832376; 
http://dx.doi.org/10.1093/nar/gkn628

55.	 Shakes LA, Abe G, Eltayeb MA, Wolf HM, 
Kawakami K, Chatterjee PK. Generating librar-
ies of iTol2-end insertions at BAC ends using loxP 
and lox511 Tn10 transposons. BMC Genomics 
2011; 12:351; PMID:21736732; http://dx.doi.
org/10.1186/1471-2164-12-351

56.	 Chatterjee PK, Shakes LA, Wolf HM, Mujalled 
MA, Zhou C, Hatcher C, Norford DC. Identifying 
Distal cis-acting Gene-Regulatory Sequences by 
Expressing BACs Functionalized with loxP-Tn10 
Transposons in Zebrafish. RSC Adv 2013; 3:8604-
17; PMID:24772295; http://dx.doi.org/10.1039/
c3ra40332g

57.	 Chatterjee PK. (2014). Directing Enhancer-traps 
and iTol2 End Sequences to Deleted BAC ends with 
loxP- and lox511-Tn10 transposons, in “Bacterial 
Artificial Chromosomes” Methods in Molecular Biology, 
series published by Humana Press/ Springer, Editor: 
Kumaran Narayanan, Series editor: J. Walker. (in 
press)

58.	 Shakes LA, Du H, Wolf HM, Hatcher C, Norford 
DC, Precht P, Sen R, Chatterjee PK. Using BAC trans-
genesis in zebrafish to identify regulatory sequences 
of the amyloid precursor protein gene in humans. 
BMC Genomics 2012; 13:451; PMID:22947103; 
http://dx.doi.org/10.1186/1471-2164-13-451

59.	 Shakes LA, Garland DM, Srivastava DK, Harewood 
KR, Chatterjee PK. Minimal cross-recombination 
between wild-type and loxP511 sites in vivo facili-
tates truncating both ends of large DNA inserts in 
pBACe3.6 and related vectors. Nucleic Acids Res 
2005; 33:e118; PMID:16061933; http://dx.doi.
org/10.1093/nar/gni119

60.	 Craig NL. Target site selection in transposi-
tion. Annu Rev Biochem 1997; 66:437-74; 
PMID:9242914; http://dx.doi.org/10.1146/annurev.
biochem.66.1.437

61.	 Chatterjee PK, Briley LP. Analysis of a clonal selec-
tion event during transposon-mediated nested-dele-
tion formation in rare BAC and PAC clones. Anal 
Biochem 2000; 285:121-6; PMID:10998271; http://
dx.doi.org/10.1006/abio.2000.4750

62.	 Musa A, Lehrach H, Russo VA. Distinct expression 
patterns of two zebrafish homologues of the human 
APP gene during embryonic development. Dev Genes 
Evol 2001; 211:563-7; PMID:11862463; http://
dx.doi.org/10.1007/s00427-001-0189-9

63.	 Bai Q, Burton EA. Cis-acting elements respon-
sible for dopaminergic neuron-specific expres-
sion of zebrafish slc6a3 (dopamine transporter) 
in vivo are located remote from the transcrip-
tional start site. Neuroscience 2009; 164:1138-51; 
PMID:19755139; http://dx.doi.org/10.1016/j.
neuroscience.2009.09.014

64.	 Perneczky R, Tsolakidou A, Arnold A, Diehl-Schmid 
J, Grimmer T, Förstl H, Kurz A, Alexopoulos P. CSF 
soluble amyloid precursor proteins in the diagnosis of 
incipient Alzheimer disease. Neurology 2011; 77:35-
8; PMID:21700579; http://dx.doi.org/10.1212/
WNL.0b013e318221ad47

65.	 Kang J-E, Lim MM, Bateman RJ, Lee JJ, Smyth 
LP, Cirrito JR, Fujiki N, Nishino S, Holtzman 
DM. Amyloid-β dynamics are regulated by orexin 
and the sleep-wake cycle. Science 2009; 326:1005-
7; PMID:19779148; http://dx.doi.org/10.1126/
science.1180962

66.	 Cowell IG. E4BP4/NFIL3, a PAR-related bZIP 
factor with many roles. Bioessays 2002; 24:1023-
9; PMID:12386933; http://dx.doi.org/10.1002/
bies.10176

67.	 Bozek K, Relógio A, Kielbasa SM, Heine M, Dame 
C, Kramer A, Herzel H. Regulation of clock-con-
trolled genes in mammals. PLoS One 2009; 4:e4882; 
PMID:19287494; http://dx.doi.org/10.1371/journal.
pone.0004882

68.	 Kamizono S, Duncan GS, Seidel MG, Morimoto A, 
Hamada K, Grosveld G, Akashi K, Lind EF, Haight 
JP, Ohashi PS, et al. Nfil3/E4bp4 is required for the 
development and maturation of NK cells in vivo. J 
Exp Med 2009; 206:2977-86; PMID:19995955; 
http://dx.doi.org/10.1084/jem.20092176

69.	 Kobayashi T, Matsuoka K, Sheikh SZ, Elloumi HZ, 
Kamada N, Hisamatsu T, Hansen JJ, Doty KR, Pope 
SD, Smale ST, et al. NFIL3 is a regulator of IL-12 p40 
in macrophages and mucosal immunity. J Immunol 
2011; 186:4649-55; PMID:21383239; http://dx.doi.
org/10.4049/jimmunol.1003888

70.	 Popović M, Caballero-Bleda M, Puelles L, Popović 
N. Importance of immunological and inflam-
matory processes in the pathogenesis and ther-
apy of Alzheimer’s disease. Int J Neurosci 1998; 
95:203-36; PMID:9777440; http://dx.doi.
org/10.3109/00207459809003341

71.	 Odenthal J, Nüsslein-Volhard C. fork head domain 
genes in zebrafish. Dev Genes Evol 1998; 208:245-
58; PMID:9683740; http://dx.doi.org/10.1007/
s004270050179

72.	 Smith AM, Qualls JE, O’Brien K, Balouzian L, 
Johnson PF, Schultz-Cherry S, Smale ST, Murray PJ. 
A distal enhancer in Il12b is the target of transcrip-
tional repression by the STAT3 pathway and requires 
the basic leucine zipper (B-ZIP) protein NFIL3. J Biol 
Chem 2011; 286:23582-90; PMID:21566115; http://
dx.doi.org/10.1074/jbc.M111.249235

73.	 Pennisi E. The Crisper Craze. Science 2013; 341:836; 
http://dx.doi.org/10.1126/science.341.6148.833


