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Abstract

The yeast Gal4/UAS transcriptional activation system is a powerful tool for regulating gene
expression in Drosophila and has been increasing in popularity for developmental studies in
zebrafish. It is also useful for studying the basis of de novo transcriptional silencing. Fluorescent
reporter genes under the control of multiple tandem copies of the upstream activator sequence
(UAS) often show evidence of variegated expression and DNA methylation in transgenic zebrafish
embryos. To characterize this systematically, we monitored the progression of transcriptional
silencing of UAS-regulated transgenes that differ in their integration sites and in the repetitive
nature of the UAS. Transgenic larvae were examined in three generations for tissue-specific
expression of a green fluorescent protein (GFP) reporter and DNA methylation at the UAS. Single
insertions containing four distinct upstream activator sequences were far less susceptible to
methylation than insertions containing fourteen copies of the same UAS. In addition, transgenes
that integrated in or adjacent to transposon sequence exhibited silencing regardless of the number
of UAS sites included in the transgene. Placement of promoter-driven Gal4 upstream of UAS-
regulated responder genes in a single bicistronic construct also appeared to accelerate silencing
and methylation. The results demonstrate the utility of the zebrafish for efficient tracking of gene
silencing mechanisms across several generations, as well as provide useful guidelines for optimal
Gal4-regulated gene expression in organisms subject to DNA methylation.
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Introduction

Aberrant regulation of gene expression by epigenetic processes results in diverse
developmental disorders and is a feature of tumorigenic cells (Jiang et al., 2004; Robertson,
2005; Sharma et al., 2010). Methylation of DNA and histones can lead to transcriptional
repression, but the cues that cause specific genomic regions to be modified in this manner
are not fully understood (Campos and Reinberg, 2009; Goll and Bestor, 2005).

One type of sequence that is prone to silencing by methylation is repetitive DNA.
Endogenous regions carrying multiple blocks of similar sequences >1 kilobases (kb) in
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length, such as those found at centromeres or the D4Z4 and NBL2 microsatellite repeats of
the human genome, are known to accumulate repressive chromatin marks including DNA
methylation (Kondo et al., 2000; Miller et al., 1974; Ponzetto-Zimmerman and Wolgemuth,
1984). Such silencing of repetitive sequences can have functional consequences. For
example, silencing of the D4Z4 repeats was recently shown to repress expression of a
polymorphic allele of a gene that would otherwise trigger the human disease
Facioscapulohumeral muscular dystrophy (Lemmers et al., 2010).

Studies using transgenic constructs newly introduced into the genome support the idea that
the repetitive nature of a DNA sequence is a strong cue for silencing. In mouse and plants,
transgenes that integrate into the genome as high copy number concatemeric arrays typically
show decreased expression (Davis and MacDonald, 1988; Linn et al., 1990; Mittelsten
Scheid et al., 1991; Robertson et al., 1995; Sharpe et al., 1993). The link between silencing
and repetitive DNA was elegantly demonstrated by Garrick et al. (Garrick et al., 1998) who
established a mouse line carrying approximately 100 repeats of an erythroid-specific LacZ
transgene flanked by loxP sites. Initially, animals showed very low expression of LacZ in
less than 1% of cells and a high accumulation of DNA methylation. However, when
embryos were injected with Cre recombinase, the resultant mice carried a single copy of the
transgene, which showed less methylation and, correspondingly, a more than 1000-fold
increase in the number of cells expressing LacZ (Garrick et al., 1998).

Short tandem repeats with unit lengths of less than 100 base pairs (bp) are also widespread
in eukaryotic genomes (Boby et al., 2005), and there is some evidence for their silencing.
Short repeats that contain CpG dinucleotides, such as those associated with Fragile X
syndrome and other trinucleotide expansion diseases, accumulate methylation that is
correlated with reduced gene expression (Oberle et al., 1991). Short tandem repeats may
also be involved in the epigenetic regulation of imprinted genes, as they are often enriched
in the surrounding DNA (Hutter et al., 2006). However, the potential for short tandem
repeats to accumulate epigenetic marks associated with silencing has not been explored in
depth.

The Gal4/UAS regulatory system serves as a useful model for monitoring DNA methylation
and transcriptional silencing of a short tandem repeat. In yeast, the Gal4 transcription factor
binds to upstream activating sequences (UAS) to direct transcription of genes necessary for
metabolism of galactose (Giniger et al., 1985). Each UAS is 17 base pairs long, roughly
palindromic, and in the form of CGG-N1;-CCG. The CpG dinuleotides are essential for
Gal4 binding (Marmorstein et al., 1992) and serve as a target for methylation (Goll et al.,
2009). The Gal4/UAS system was first adapted to zebrafish by Scheer and Campos-Ortega
(Scheer and Campos-Ortega, 1999), who assayed reporter expression under the control of 5
UAS copies (5X UAS). It was difficult to obtain high levels of expression from these
constructs, most likely because they were integrated as large concatemers of multiple
transgenes, which made them susceptible to silencing. To compensate for the low
expression, Kdster and Fraser (Koster and Fraser, 2001) used the potent Gal4-VP16 fusion
protein for transcriptional activation and modified constructs designed for over expression
screens in Drosophila that contained fourteen tandem copies of a synthetically generated
upstream activating sequence (14X UAS) (Rorth, 1996). While this approach resulted in
robust expression, a high level of toxicity was observed and stable transgenic lines were not
generated. Since this initial work, new technologies such as Tol2 transposition have become
available that allow integration of transgenes as single copies, thereby eliminating the
problems associated with insertions containing complex concatemeric arrays (Kawakami et
al., 2000). High levels of gene expression are obtained in transient embryo injection assays
when Gal4-VP16 binds to the 14X UAS to promote transcription of the gene encoding green
fluorescent protein (GFP) (Kdster and Fraser, 2001). However, when stably integrated into

Dev Biol. Author manuscript; available in PMC 2012 April 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Akitake et al.

Page 3

the genome as single copy sequence, the same 14X UAS is prone to CpG methylation.
Transgenic embryos show variegated GFP expression that correlates with increased DNA
methylation, and silenced transgenes can be reactivated in larvae with hypomethylated
genomes (Feng et al., 2010; Goll et al., 2009). Strikingly, while there is minimal silencing in
the first generation, it is exacerbated upon propagation through later generations (Goll et al.,
2009). Therefore, using the Gal4/UAS system, one can monitor the progression of
methylation of short repeats and probe the cues that cause their silencing.

Silencing of UAS-regulated transgenes can be a technical challenge for the zebrafish field.
This especially applies to studies of developmental processes that require all cells of a given
population to express the UAS-regulated transgene, such as in genetic ablation of a specific
cell type. The presence of DNA methylation machinery in fish and the associated
variegation or silencing of gene expression is an impediment to creating the repertoire of
powerful Gal4-based tools currently available for the Drosophila community.

Some efforts have been made toward optimizing the Gal4/UAS system for zebrafish. Using
a luciferase-based assay in cultured zebrafish fibroblasts, Distel et al. demonstrated that
expression from UAS constructs increased linearly from 1 to 5 UAS copies until leveling
off, indicating that fewer than 14 copies of the UAS can provide an effective substrate for
Gal4-VP16 in zebrafish cells and in transgenic animals (Distel et al., 2009). In other work,
stable transgenic lines carrying fluorescent reporter genes driven by 5 copies of the UAS
were shown to produce strong labeling (Asakawa et al., 2008; Collins et al., 2010).
However, these studies did not directly address the susceptibility of UAS variants to DNA
methylation and transcriptional silencing over multiple generations.

We set out to test systematically how UAS sites with different copy number and sequence
diversity behave in vivo, by monitoring reporter expression in transgenic animals for three
generations and correlating it with methylation at the UAS repeats. Four distinct Gal4
binding sites were placed in tandem and expression from this non-repeating construct (4Xnr
UAS) was compared to the 14X UAS commonly used for many studies in zebrafish (for
example: (Campbell et al., 2007; Davison et al., 2007; Douglass et al., 2008; Koster and
Fraser, 2001; Pisharath and Parsons, 2009; Scott et al., 2007). We show that the 4Xnr UAS
drives high levels of reporter expression and is significantly less susceptible to methylation
than the 14X UAS. In addition, we find that silencing and methylation are enhanced when
promoter-driven Gal4 is placed upstream of UAS-regulated responder genes in a bicistronic
construct. Our findings suggest strategies for effective Gal4-regulated gene expression in
transgenic zebrafish. Moreover, the results support the hypothesis that sequence or structural
cues embedded in short tandem repeats attract DNA methylation and demonstrate the utility
of the zebrafish for elucidating the specific nature of these cues in a live organism.

Materials and methods

Zebrafish strains

Constructs

All studies were performed with the Oregon AB strain of wild type zebrafish (Walker,
1999). Dual reporter transgenic lines were maintained by outcrossing to AB fish. The
Tg(ptfla:Gal4-VP16)iM16 driver line (Pisharath and Parsons, 2009), was used to evaluate
expression from independently derived Tg(UAS:GFP) reporter lines. Embryos and larvae
were reared at 27°C and scored at the indicated hours (hpf) and days (dpf) post fertilization.

Gal4-VP16/UAS dual reporters—A Gal4-VP16-2A-mCherry construct was generated
by overlap-extension PCR (Wurch et al., 1998) using the SAGVG and UAS-E1b:nfsB-
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mCherry plasmids (Davison et al., 2007) as templates. During translation of the viral 2A
peptide, a peptide bond fails to form between Gly-Pro, resulting in equimolar amounts of
Gal4-VP16 and mCherry from a single transcript (Donnelly et al., 2001; Provost et al.,
2007), enabling the intensity of the fluorescent label to be used as a read-out of Gal4-VP16
expression. The entire fragment was inserted into the BamHI site of pT2KXIG in (Urasaki et
al., 2006) just downstream of the EF1a promoter. Sequences containing 14, 9, 6, or 1 copies
of the UAS (CGGAGTACTGTCCTCCG) along with the E1b minimal promoter were PCR
amplified from SAGVG (Davison et al., 2007), and inserted upstream of the GFP coding
sequence using Bclll and Mlul sites. The 4Xnr UAS (see below) was also tested. The
EFlo:Gal4-VP16-2A-mCherry and UAS:GFP components are flanked by the Tol2 arms in
the modified pT2KXIGA in plasmids.

4Xnr UAS synthesis—To create the non-repetitive 4X UAS, four unique upstream
activation sequences were cloned in tandem. Two UAS sequences (UAS I:
CGGATTAGAAGCCACCG, UAS Il: CGGGTGACAGCCCTCCG) that exhibited high
affinity for the Gal4 DNA binding domain in vitro (Kang et al., 1993) were derived from the
UASg promoter of the yeast GAL1 and GAL10 genes (Giniger et al., 1985). A single G=>A
mutation was introduced into the UAS Il sequence to abolish a CpG dinucleotide not
essential for Gal4 binding. The other two UAS were synthetic near-consensus sequences
(CGGAAGACTCTCCTCCG, CGGAGTACTGTCCTCCG) previously found to drive
robust expression of reporter genes (Giniger et al., 1985; Webster et al., 1988). The four
UAS sequences were separated by 10 bp spacer sequences and the second and 4" UAS were
placed in reverse orientation to minimize further the repetitive nature of the multicopy UAS
(Supplemental Fig. 1).

Gal4FF/UAS bicistronic reporters—Gal4FF-2A-mCherry was generated by overlap-
extension PCR using the Gal4-VVP16 dual reporter vector and pT2KSAGFF (Asakawa et al.,
2008) as templates. The Gal4FF-2A-mCherry fragment was cloned into pT2KXIG in as
above with either 14X or 4Xnr UAS:GFP.

UAS:GFP—To produce UAS-regulated reporter plasmids to test with the Gal4 driver line
Tg(ptfla:Gal4-VP16)iM 16 UAS:GFP components were excised from the dual reporter
constructs in pT2KXIG in and subcloned into the BamHI site of a pBluescript (Stratagene)
plasmid modified by the addition of Tol2 arms (gift from S. Fisher, U. Pennsylvania).

Production of transgenic lines

Plasmid DNA for transgenic constructs (50 ng/uL) and Tol2 transposase mRNA (50 ng/uL)
were coinjected into 1-cell stage embryos, which were raised to adulthood. To identify
transgenic founders, FO adults that had been injected with the dual reporter constructs were
mated to AB, whereas those injected with UAS:GFP constructs were mated to the
Tg(ptfla:Gal4-VP16)iM6 driver line. Progeny were screened and only fluorescent F1 larvae
were used to establish stable transgenic lines.

Fluorescence intensity analysis

At 2 dpf, individual larvae (n=10) were sampled from Tg(ptfla:Gal4-VP16)i"16 |ines
bearing either 14X UAS:GFP or 4Xnr UAS:GFP single copy insertions. Images were
captured with identical settings on a Leica MZ16 dissecting microscope outfitted with a
Leica DC500 camera. Fluorescent pixel intensities were quantified using MetaMorph
Offline (v.7.6) and compared by one-way ANOVA followed by Tukey’s post-hoc
comparison using JMP 8.0 software.
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Analysis of transgene copy number

Total genomic DNA (10 ng) was extracted from fin clips of F1 adults, digested with EcoRl,
electrophoresed on 1% agarose gels, and analyzed by Southern blotting (Southern, 1975).
Membranes were probed with radiolabeled DNA corresponding to GFP sequence, generated
by digesting pEGFP-1 plasmid (Clontech) with Sacll and Notl.

Mapping transgenic insertion sites

The genomic positions of UAS-regulated transgenic insertions were mapped by linker-
mediated PCR as in Davison et al. (2007), using total genomic DNA extracted from fin clips
of F1 adults. Sequences flanking the Tol2 arms were used to BLAT search the UCSC
genome browser (Zv8/danRer6 assembly) to map sites of insertion within the zebrafish
genome.

DNA bisulfite sequencing

Results

DNA bisulfite sequencing was performed on individual 3 dpf larvae, as described (Goll et
al., 2009). Doubly transgenic adult fish carrying both the Tg(ptfla:Gal4-VP16)iM8 driver
and each UAS transgene of interest were mated with wild type adults and the resultant GFP-
positive progeny (25%) scored for the level of GFP labeling. Larvae showing the highest
and lowest GFP labeling from within the clutch were selected for analysis of DNA
methylation patterns. 14X and 4Xnr sequence was amplified using primers
TTTAAGATGAAATGTGTTTT and TCCATTATATACCCTCTAAA followed by
GGGATTATATTAAGTTTAGGT and CCATTATATACCCTCTAAAA. EFla sequence
was amplified using primers GGTTGAATGTTTTGTTAAGA and
CAAAAACATCTTCCCATTC followed by GGTTGAATGTTTTGTTAAGA and
TAAAAACTTTACCCCCTCCATATA. In all DNA bisulfite sequencing experiments, CpG
methylation patterns were determined for 2-3 individual larvae from each subgroup, with at
least 8 cloned sequences examined per individual. Less than 1% of CpH dinucleotides
(where H=A, C or T) were methylated in all samples. Statistical analyses of bisulfite data
were performed using QUMA (Kumaki et al., 2008).

Toxic effects of ubiquitous Gal4-VP16 expression

Our initial plan was to evaluate transcription from five different UAS copy-number variants
(14X, 9X, 6X, 4X, 1X) in a bipartite construct that also contained Gal4-VP16 under the
control of the EF1a promoter (Supplemental Fig. 1A). The EF1a promoter drives fairly
ubiquitous expression in transgenic zebrafish larvae (Amsterdam et al., 1995; Linney et al.,
1999). Inclusion of the viral 2A peptide followed by mCherry yields Gal4-VVP16 and the red
fluorescent protein in equimolar amounts (Provost et al., 2007). Thus, with this construct,
we could monitor Gal4-VVP16 protein production indirectly through mCherry labeling and
confirm the extent of expression from the EF1a promoter.

We recovered several founder fish for each UAS construct whose F1 progeny displayed
widespread mCherry and GFP labeling, suggesting that the bipartite vector functioned
effectively when integrated into the genome (Supplemental Fig. 1B and data not shown).
Although mCherry-positive transgenic F1 larvae appeared morphologically wild type at 24
hpf, those that were brightly fluorescent, regardless of UAS copy-number, developed defects
by 5 dpf and did not survive. Larvae with the highest fluorescence labeling exhibited gross
morphological abnormalities after a few days (Supplemental Fig. 1B), whereas lower
expressing larvae lived longer but rarely survived to adulthood (two escapers developed into
adults with prominent eye defects). As had been suggested previously (Kdster and Fraser,
2001), these results provided additional evidence that ubiquitous expression of Gal4-VP16 is
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incompatible with normal development and precluded this approach for analyzing the
efficacy of UAS variants.

Transgenerational silencing of Gal4FF dual reporters

To reduce the toxic effects that were observed when constructs expressing ubiquitous Gal4-
VP16 were stably integrated into the genome, the Gal4-VP16 coding sequence was replaced
with sequence encoding Gal4FF. Gal4FF consists of the DNA binding component of the
Gal4 protein fused to two phenylalanine-bearing motifs from the VP16 transcriptional
activator (Asakawa et al., 2008). Robust activation of UAS-regulated transgenes and
minimal toxicity had been reported for Gal4FF in zebrafish (Asakawa et al., 2008). We
focused on constructing two modified dual reporter constructs, one with GFP under the
control of the commonly used 14X UAS and another containing 4 different upstream
activation sequences that, individually, are known to function as Gal4 binding sites (Giniger
etal., 1985; Kang et al., 1993; Webster et al., 1988). In addition to decreasing the number of
copies, the repetitive nature of the UAS regulatory region was further reduced by including
distinct rather than identical copies of the UAS (~50% identity, refer to Materials and
methods and Supplemental Fig. 2). This synthetic construct is referred to as the 4 copy, non-
repetitive UAS or 4Xnr UAS.

We recovered one 14X UAS and three different 4Xnr UAS transgenic lines, all of which
showed widespread expression of mCherry and GFP in the F1 generation (Fig. 1A and data
not shown). Unlike Gal4-VP16, the Gal4FF modified construct did not interfere with
viability. F1 transgenic larvae were successfully raised to adulthood and their progeny
analyzed.

In contrast to the robust fluorescence observed in F1 larvae, F2 larvae showed significantly
fewer cells with GFP labeling (Figs. 1A-C). Neither expression of GFP nor mCherry was
detected in F2 larvae carrying the 14X UAS. In F2 larvae where GFP was under control of
the 4Xnr UAS, only a subset of cells was labeled with GFP. Moreover, mCherry labeling
showed a variegated pattern that colocalized with GFP labeled cells (Fig. 1A, B).
Variegation or loss of mCherry-positive cells indicated that the Gal4FF protein was not
being expressed ubiquitously, as would be expected under the regulation of the EFla
promoter.

To explore the reasons for the reduction in mCherry labeling, we examined the methylation
status of the variegating transgenes by DNA bisulfite sequencing. We found substantial
methylation of not only the multicopy UAS (average of 84% CpG methylation), but also of
the EF1a promoter sequence (average of 64% CpG methylation) in F2 larvae (n=2 larvae
assayed; Fig. 1D and data not shown). Methylation of the EF1a and the correlated
transcriptional silencing of Gal4FF prevented the comparative analysis of UAS variants. We
therefore turned to a binary approach, assaying UAS variants as independent transgenes
introduced into Gal4 driver lines by mating of adult fish.

Increased variegated expression from 14X UAS transgenic insertions

To compare the expression of GFP under control of the 14X or 4Xnr UAS, we generated
new transgenic lines from separate UAS:GFP Tol2 constructs and identified carriers using
the established Gal4 driver line Tg(ptfla:Gal4-VP16)"16 (Pisharath and Parsons, 2009 and
Fig. 2A). At 2 dpf, the pancreas specific transcription factor 1a (ptfla) gene is expressed in
the retina, hindbrain, spinal cord, and pancreas primordium (Lin et al., 2004). Regulatory
elements contained within 150 kb of genomic DNA in a bacterial artificial chromosome
drive expression in the same tissues with high fidelity (Park et al., 2008). Six independent
founders carrying 14X UAS:GFP and 8 carrying 4Xnr UAS:GFP were identified by mating
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adults raised from injected embryos to Tg(ptfla:Gal4-VP16)i"6 fish and their fluorescent
F1 progeny were raised to adulthood. Although the expected tissue-specific pattern of
fluorescence was recovered (compare Figs. 2B and C), considerable variability in GFP
labeling was observed between F1 larvae from different founders (Supplemental Fig. 3).

Variability in expression in the progeny from independently derived founders could be due
to differences in the number of Tol2 insertions or reflect position effects associated with
sites of integration. To address this issue, we examined genomic DNA isolated from tail fin
clips of F1 adults by Southern blotting (Supplemental Fig. 4). We focused on two 14X UAS
(c361 and c364) and two 4Xnr UAS carriers (c356 and ¢369) that had shown the complete
ptfla pattern of GFP labeling in F1 larvae (Fig. 2C), as well as one 4Xnr UAS F1 that had
exhibited considerably fewer expressing cells in all GFP positive tissues (c368, refer to Fig.
4). The 14X UAS F1 c364 had one insertion, whereas the other, c361, contained more than
10 insertions. The high expressing 4Xnr UAS F1 individuals contained a single transgene
insertion, while the ¢368 F1 carried two insertions. These data confirmed previous
observations (Goll et al., 2009) that variegation in expression is not correlated with lower
transgene copy number.

Integration sites were determined by linker-mediated PCR where possible. The single
transgenes in ¢356, 364 and c369 were all found to be located in or near predicted genes
(Table 1). The ¢368 genome contains two insertions, with one transgene situated in an intron
and the second within a DNA2-2 DR repetitive element. Transgenic insertions from several
other independently isolated F1 fish that had exhibited mosaic GFP labeling as larvae were
mapped and positioned either directly in or immediately adjacent to repetitive elements
(refer to Supplemental Fig. 3 and Table 2).

Doubly transgenic F1 fish bearing the Tg(ptfla:Gal4-VP16)"16 driver and 4Xnr UAS:GFP
(c356, €369, c368) or 14X UAS:GFP (c361, c364) variants were outcrossed to the AB wild
type strain to produce F2 progeny and to establish stable transgenic lines. We compared the
intensity of GFP labeling between F2 larvae carrying single insertions of the 4Xnr UAS or
14X UAS. Larvae bearing one 4Xnr UAS transgene showed a modest reduction (20-30%)
in mean fluorescence intensity levels (refer to Methods) compared to larvae with a single
14X UAS:GFP insertion (Supplemental Fig. 5).

To assess the level of variegation in GFP expression, we devised a scoring strategy based on
the proportion of fluorescence labeling observed at 2 dpf: Larvae exhibiting greater than
60% of the complete Tg(ptfla:Gal4-VP16)i116 pattern of labeling were scored as GFPhigh,
larvae with 40-60% of the full pattern of GFP labeling were scored as GFP™ed, and those
with less than 40% were scored as GFP!OW (refer to Fig. 3A). In the F2 generation, some
variability in GFP labeling was observed between siblings derived from the same F1 parent,
with a fraction of larvae in every line showing moderate levels of mosaicism (GFP™ed) (Fig.
3B). Further analyses were performed on the F3 generation using the same conditions and
scoring system applied to the F2 larvae. Whereas almost all F3 larvae from ¢356 and c369
4Xnr UAS lines were scored as GFP™ed or GFPNYN, about 10% of those from 14X UAS
lines showed significant mosaicism (GFP!°W) (Fig. 3B). These data suggest that larvae
bearing the 14X UAS:GFP are more prone to transcriptional silencing than those with the
4Xnr UAS:GFP transgene.

An exception to the more consistent labeling observed with 4Xnr UAS:GFP transgenes was
the c368 line, which showed variegated expression as early as in the F1 generation. A
greater proportion of F2 larvae were also GFP™ed or GFPOW compared to other 4Xnr
UAS:GFP lines (Fig. 4A). The fraction of GFP!OW |arvae increased to over 60% in the F3
generation and only 3% of larvae were scored as GFPMAM (Fig. 4A). Although the c368 F1
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adult contained two transgenes (Table 2), all F2 larvae with GFP labeled cells carried the
insertion located within the intron of the PLA2G4C gene (c368a), suggesting that the other
transgene (c368b) that mapped within a transposable element was fully silenced. Because
variegated expression was prominent earlier in c368, we examined the extent of UAS
methylation by DNA bisulfite sequencing. Correlated with the increased variegation of GFP
labeling, we found that the 4Xnr UAS was methylated in c368 F2 larvae (on average 35% of
CpG dinucleotides, n=4 larvae; Fig. 4B). Partial methylation of the transgene within the
PLA2GA4C intron could be due to its proximity to a DNA-TTAA-2 repetitive element (Table
2). The analysis of the c368 line shows that the site of integration can still exert a strong
effect on reporter gene expression even under the control of the superior 4Xnr UAS
construct.

Significant accumulation of methylation at the 14X UAS compared to the 4Xnr UAS

To monitor methylation status across generations, we compared 14X UAS and 4Xnr UAS
lines that had shown robust GFP expression as F1s. Sodium bisulfite sequencing was
performed on genomic DNA from individual F2 and F3 larvae and the difference in CpG
dinucleotide methylation between 14X and 4Xnr UAS transgenes was striking (Fig. 5A).
While F2 larvae derived from 14X lines showed significant methylation at the UAS (on
average 69% for ¢361 and 47% c364), little was detected in genomic DNA from 4Xnr UAS
lines (Figs. 5A, C). In the F3 generation, methylation was again prevalent at the 14X UAS.
Moreover, in the ¢364 line with one 14X UAS insertion, GFP!W individuals had statistically
significant increases in methylation (p<0.01) compared to GFPNi9" siblings (Figs. 5B, C). In
contrast, methylation levels at 4Xnr UAS sequences were consistently below 10% in ¢356
and ¢369 F3 larvae (Figs. 5B, C). Together, these results support a strong correlation
between reduced transgene expression and UAS methylation and, in the appropriate
genomic context, the greater resistance of 4Xnr UAS-containing transgenes to CpG
methylation and silencing.

Discussion

The Gal4/UAS system of yeast is a powerful method for regulating gene expression in
heterologous systems (Fischer et al., 1988; Ma et al., 1988; Ornitz et al., 1991; Webster et
al., 1988), and has been used effectively in zebrafish for tissue-specific enhancer and gene
traps (Davison et al., 2007; Scott et al., 2007), to label and track subsets of differentiating
cells (Aramaki and Hatta, 2006; Distel et al., 2009; Hatta et al., 2006), for selective killing
of specific cell types (Davison et al., 2007; Pisharath and Parsons, 2009; Zhao et al., 2009)
and to modulate or detect neuronal activity (Asakawa et al., 2008; Douglass et al., 2008;
Wyart et al., 2009). However, the transcriptional silencing of UAS transgenes has been a
persistent problem that is often anecdotally reported, but less well documented. In some
applications, the resultant mosaicism in gene expression can offer a technical advantage
(Scott et al., 2007; Wyart et al., 2009), but often it is a hindrance. Silencing makes it difficult
to maintain transgenic lines over multiple generations and can complicate the interpretation
of results in experiments where every cell in a given population must express the gene of
interest. The purpose of this study was to perform a systematic analysis of UAS-regulated
transgene silencing across several zebrafish generations and to optimize reagents for long-
term transgenic approaches.

Non-repetitive 4X UAS maintains expression and is less prone to methylation

Our work focused on the comparison of a newly constructed less repetitive 4 copy UAS to
the widely used 14X UAS (Koster and Fraser, 2001). We reasoned that the repetitive nature
of the 14X UAS likely triggers methylation and, by reducing repetitiveness through
decreasing the number of UAS copies and their degree of sequence identity, we might be
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able to diminish silencing. In designing the 4Xnr UAS, we aimed to use functional variants
that were as divergent as possible and had minimal CpG dinucleotides. Unfortunately, the
six outermost bases of the UAS, including two CpG dinucleotides, could not be altered since
they contact Gal4 directly and are necessary for efficient binding (Carey et al., 1989;
Marmorstein et al., 1992). Nonetheless, differences within the 11 internal bases of the UAS
led to an overall 50% divergence between UAS variants.

Despite having ten fewer Gal4 binding sites, 4Xnr UAS:GFP transgenic larvae demonstrated
only a modest reduction in fluorescence intensity compared to those bearing 14X UAS:GFP.
Most larvae showed the expected pattern of GFP labeling from the ptfla driver, although a
subset of both F2 and F3 larvae showed partial expression patterns (i.e., GFPMed).
Irrespective of this difference, methylation of the UAS was negligible in both GFPigh and
GFP™Med |arvae from stable lines carrying single insertions of the 4Xnr UAS:GFP transgene.
This suggests that other mechanisms besides methylation are influencing transgene
expression. Variability in UAS-regulated gene expression has also been described in
Drosophila (Skora and Spradling, 2010), an organism that lacks DNA methlyation, although
its cause is unknown.

A small increase in methylation was detected at the 4Xnr UAS in F3 larvae compared to F2,
but levels remained below 10% in both generations. Analyses of additional generations will
be required to determine whether this increase is a significant trend that might ultimately
lead to loss of gene expression from the 4Xnr UAS.

Silencing of 14X UAS-regulated gene expression in transgenic fish

In contrast to the 4Xnr UAS, and consistent with previous observations (Goll et al., 2009),
F2 and F3 individuals carrying the ptfla driver showed extensive CpG methylation at the
14X UAS. It was difficult to correlate precise levels of methylation with the extent of
variegation in reporter expression, as even GFPN9" |arvae showed significant methylation at
the 14X UAS. Nonetheless, we did observe a statistically significant increase in the percent
of methylation in GFP!W compared to GFPM9 larvae carrying a single transgenic insertion.
In GFPNYN Jarvae, expression was attributed to retention of some unmethylated Gal4 binding
sites in the multicopy UAS. We hypothesize that in cells resistant to Gal4 activation,
increased methylation prevents access to all Gal4 binding sites. This suggests that a
threshold level of methylation must be achieved in order for expression to be silenced, and
that sub-threshold levels of methylation at the UAS may be a harbinger of silencing in future
generations.

Differing patterns of methylation were detected among bisulfite clones from the same
individual, indicating that methylation patterns varied from cell to cell in a single larva.
Such variability could account for the mosaic expression observed in GFP!W individuals
and suggests that methylation of the UAS is somewhat dynamic and stochastic in the early
embryo.

Position effects and transgene silencing

It is well known that the local chromatin environment at their position of integration can
influence expression of transgenes (refer to Wilson et al., 1990). For this reason, it is
preferable to compare constructs inserted at the same genomic position using a targeted
approach such as PhiC31 integrase or Cre recombinase-mediated cassette exchange;
however, this technology is still under development for the zebrafish (Boniface et al., 2009;
Lister, 2010; Lu et al., 2010).

Instead, we attempted to control for position effects by using bicistronic vectors expressing
Gal4FF-2A-mCherry from a ubiquitous promoter and UAS:GFP. The rationale was that by
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monitoring Gal4 levels via coordinately produced mCherry, we could account for
differences in expression between transgenic insertions. However, while the integrated
bicistronic transgenes performed as expected in the F1 generation, F2 progeny exhibited
markedly mosaic mCherry and GFP labeling, independent of UAS copy number. Variegated
mCherry fluorescence suggested silencing of the EF1a promoter, and consistent with this,
we found an accumulation of methylation at this promoter as well as at the UAS.
Methylation of the 4Xnr UAS in the context of the bicistronic construct was unexpected and
inconsistent with what was observed for transgenes just containing 4Xnr UAS:GFP,
implying that silencing is triggered by some feature of the bicistronic transgene itself. It is
possible that silencing initiates at the EF1a promoter and then spreads to the UAS.
Alternatively, read-through transcription from the initially strong EF1a promoter past a
weak polyA terminator may lead to low levels of UAS RNA synthesis, which, in turn,
targets the corresponding UAS DNA repeats for silencing. RNA based mechanisms of
silencing are widely used in plants and have also been described in mammals (Matzke et al.,
2009; Morris et al., 2004; Wassenegger et al., 1994); but have not yet been documented in
zebrafish. While the mechanism underlying the rapid methylation and silencing observed in
the bicistronic construct is one worth pursuing, it significantly complicated the analyses of
reporter expression.

An alternative strategy was to distribute 14X or 4Xnr UAS:GFP transgenes throughout the
genome and generate multiple, independent reporter lines. By using the same
Tg(ptfla:Gal4-VP16)iM16 driver line to evaluate expression from UAS:GFP reporters, we
abolished concerns of variable Gal4-VP16 expression.

A drawback to the binary approach is that it does not control for position effects resulting
from differences between UAS:GFP transgene integration sites. Several 14X and 4Xnr
transgenic insertions showed mosaic expression in larvae as early as in the first generation.
Remarkably, F1 individuals that exhibited mosaic GFP labeling had transgenes inserted
within or in close proximity to transposable elements, sequence elements that are enriched in
DNA methylation in the zebrafish genome (Feng et al., 2010). Others have observed such
variability between transgene integration sites. For example, Asakawa and Kawakami
(Asakawa and Kawakami, 2009) tested approximately 75 different insertions to obtain an
optimal UAS: TeTxLC:CFP zebrafish transgenic line. Fortunately, the ease of generating
numerous insertions with Tol2-mediated transposition allows for the selection of high
expressing integrants, which has become routine practice in the field. A systematic approach
to map all integration sites and to correlate genomic position with expression, as in our
study, would be valuable for obtaining a more comprehensive portrait of the genome-wide
chromatin landscape.

Application of the Gal4/UAS system in transgenic zebrafish

Given the time and effort required to make transgenic lines, it is prudent to incorporate
strategies that produce optimal gene expression and regulation. The rapid silencing of
bicistronic Gal4/UAS vectors used in this study suggests that this type of construct is not
ideal to ensure continued expression from transgenic insertions. Inclusion of strong polyA
signals may eliminate the potential for read-through transcription from strong promoters and
thereby improve the reliability of multicistronic constructs.

In contrast to Drosophila where the Gal4/UAS system was shown to be highly effective and
rapidly adopted by the field, initial studies of the Gal4 transcriptional activator in zebrafish
indicated that reporters under UAS control were only weakly induced (Scheer and Campos-
Ortega, 1999). To obtain high expression levels, vectors were reengineered with the addition
of the strong transcriptional activator VP16 and 14 copies of the UAS (Kdster and Fraser,
2001). Robust expression was successfully achieved in transient assays, but a problem with
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this approach is the high toxicity of Gal4-VVP16 thought to be due to “squelching” of factors
necessary for normal gene regulation (Gill and Ptashne, 1988; Koster and Fraser, 2001). Our
work provides additional evidence for toxicity from singly integrated, stable insertions and
suggests that caution should be taken when using Gal4-VP16 in zebrafish, especially when
widespread expression is required. Use of the attenuated Gal4FF driver appears to
circumvent this problem (Asakawa et al., 2008). However, neither Gal4-VP16 nor Gal4FF
retain sequences necessary for Gal80 modulation (Johnston et al., 1987; Ma and Ptashne,
1987; Suster et al., 2004), removing this added level of regulatory control. Thus, for some
applications use of full-length Gal4 may be preferable.

The selection of an appropriate responder line is also critical. Reporter genes regulated by
the 14 copy UAS are transcriptionally silenced, owing to CpG methylation of the repetitive
UAS (Goll et al., 2009). As discussed above, the 4Xnr UAS generates high levels of gene
expression and correspondingly low levels of methylation, properties that are maintained for
at least 3 generations. However, as with any transgene, and as evidenced by the c368 ling,
several independent integration events should still be examined to identify those that reside
in a favorable chromatin environment. Nevertheless, our results demonstrate the superiority
of the 4Xnr UAS for producing and preserving transgenic lines that show a consistent
response to Gal4 activation and, accordingly, reproducible patterns of reporter expression.
We expect that this tool will be useful not only for generating UAS-regulated transgenes in
zebrafish, but also for other organisms where DNA methylation is known to act on repetitive
sequences, such as plants and mice.

Conclusions

The zebrafish offers an expeditious system to compare silencing of different sequences in
live animals and to follow their propagation through the germline. Comparison of the 4Xnr
and 14X UAS transgenes validates the utility of this approach for studying the sequence
cues that direct silencing. Because vertebrate genomes are widely methylated, there has been
some debate about whether methylation is targeted to particular regions of the genome or if
unmethylated regions of the genome are protected from methylation. The fact that 14
identical UAS sites become rapidly methylated, but four non-identical copies do not,
supports the conclusion that repetitive sequences attract methylation. Additional work will
be required to define the relative importance of repeat number and percent sequence
identity, as both variables were altered in the 4Xnr UAS construct. It will be interesting to
probe the exact features that make short tandem repeats attract methylation. Ideally, once
targeted integration methods become routine for the zebrafish genome, UAS variants should
be compared within the same chromosomal context. Given the preponderance of short
variable tandem repeats in the vertebrate genome, understanding the cues that trigger their
silencing may provide important insights into how these repeated sequences influence the
expression of nearby genes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Silencing across Gal4FF bicistronic transgenic insertions

(A) Lateral views of GFP and mCherry labeling in 3 dpf larvae from two transgenic lines in
which GFP is regulated by the 4Xnr UAS. GFP expression recapitulates the pattern of
mCherry in independently derived F1 larvae, which can be variable in their fluorescence.
Representative sibling larvae in the F2 generation show widespread, highly mosaic, or
largely absent mCherry and GFP labeling. (B) Colocalization of variegated mCherry and
GFP fluorescence in muscle fibers of a c347 F2 larva. (C) Comparison of approximate
number of GFP labeled cells in F2 larvae from lines carrying the 4Xnr UAS (c342, c345,
c347) and the 14X UAS (c350). (D) Schematic of Gal4FF bipartite reporter construct and
analysis of CpG methylation in ¢347 F2 larva from DNA bisulfite sequencing. Methylation
at eleven CpGs within the EFla promoter and the 4Xnr UAS are indicated on the horizontal
axis, with black circles indicating methylated CpGs and open circles representing
unmethylated CpGs. Patterns from eight different representative clones from one larva are
shown on the vertical axis.
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Figure 2. Assay of UAS constructs in binary transgenic system

(A) Experimental scheme using the Tg(ptfla:Gal4-VP16)i6 driver line for transcriptional
activation of 14X and 4Xnr UAS:GFP reporter transgenes. (B) Pattern of tissue-specific
fluorescence in Tg(ptfla:GFP)IN/* larvae at 2 dpf (Pisharath et al., 2007). (C) In the
presence of the ptfla driver, larvae from independently derived lines that carry either 14X
UAS:GFP or 4Xnr UAS:GFP transgenes show a similar pattern of GFP labeling.
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Figure 3. Transgenerational analysis of UAS-regulated GFP expression

(A) Scoring of representative c364 transgenic larvae carrying the ptfla driver and 14X
UAS:GFP reporter transgenes as GFPNgh GFPMed or GFPIOW, based on the extent of GFP
labeling within the ptfla expression domain. (B) Transgenerational analysis of GFP
fluorescence in independently derived lines. All F2 larvae were obtained from matings
between single F1 adults and AB fish. After F2 larvae were evaluated for their GFP labeling,
GFPMed and GFPNigh individuals were raised, mated to AB, and their progeny scored in the
F3 generation. Only GFP positive F3 larvae were included in the pie charts, which represent
the cumulative data from at least five different GFP™ed and GFPi9h F2 parents for each line.
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Figure 4. Correlation between variegated expression and CpG methylation

(A) In the c368 line, variegation in GFP labeling was observed in F1 larvae (not shown) and
was more frequently observed in F2 and F3 larvae compared to other 4Xnr UAS lines
(compare with Fig. 3B). Few c368 GFPN9" Jarvae were found in either generation. (B)
Fluorescence images and representative DNA bisulfite sequencing data for individual
GFP™Med and GFP!OW ¢368 F2 larvae at 2 dpf. The upper larvae possess both the ¢368a and
€368b transgenic insertions (Table 2), whereas the bottom two larvae have only the c368a
transgene. GFP-labeled individuals carrying only the c368b insertion were not detected.
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Figure 5. Reduced CpG methylation at the 4Xnr UAS

(A) Fluorescence images and corresponding DNA bisulfite sequencing data for
representative 2 dpf F2 larvae. Methylation at the 33 CpGs in the 14X UAS or the 11 CpGs
in the 4Xnr UAS promoter are indicated on the horizontal axis, with black circles indicating
methylated CpGs and open circles unmethylated CpGs. Patterns from eight different clones
are shown on the vertical axis. (B) Fluorescence images and corresponding DNA bisulfite
sequencing data for GFPN9N (top) and GFP!OW (bottom) F3 larvae from 14X UAS lines and
GFPNigN Jarvae from 4Xnr UAS lines. (C) Quantification of DNA bisulfite methylation data.
Solid bars and striped bars indicate the average percentage of methylation of 14X UAS
GFPNigh and GFP!W individuals, respectively. Percent methylation corresponds to the
number of methylated CpG residues divided by the total number of CpG residues. Error bars
represent standard error of the mean, P-values were calculated using the Fisher’s exact test
and Mann-Whitney U test, with *p<0.01.
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