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Abstract

Methods to label cell populations selectively or to modify their gene expression are critical tools in
the study of developmental or physiological processes in vivo. A variety of approaches have been
applied to the zebrafish model, capitalizing on Tol2 transposition to generate transgenic lines with
high efficiency. Here we describe the adoption of the Q system of Neurospora crassa, which
includes the QF transcription factor and the upstream activating sequence (QUAS) to which it
binds. These components function as a bipartite regulatory system similar to that of yeast Gal4/
UAS, producing robust expression in transient assays of zebrafish embryos injected with plasmids
and in stable transgenic lines. An important advantage, however, is that QUAS-regulated
transgenes appear far less susceptible to transcriptional silencing even after seven generations.
This chapter describes some of the Q system reagents that have been developed for zebrafish, as
well as the use of the QF transcription factor for isolation of tissue-specific driver lines from gene/
enhancer trap screens. Additional strategies successfully implemented in invertebrate models, such
as a truncated QF transcription factor (QF2) or the reassembly of a split QF, are also discussed.
The provided information, and available Gateway-based vectors, should enable those working with
the zebrafish model to implement the Q system with minimal effort or to use it in combination
with Gal4, Cre, or other regulatory systems for further refinement of transcriptional control.

1. BACKGROUND

Transgenic approaches to manipulate gene expression in spatially or temporally restricted
ways have been instrumental in the study of biological processes. The transparency of
zebrafish embryos and larvae make them particularly well suited for selective labeling of
cell populations and observing their behavior over time, for assessing the effects of genetic
perturbations, for optogenetic methods to alter neural activity, and for monitoring of
genetically encoded biosensors. In these and other strategies to explore cellular function in
vivo, versatility is an important property of the transgenic tools being generated. One way to
increase flexibility and maximize utility is with a binary system, in which the expression of a
collection of reporter or effector genes is activated by a transcription factor that is itself
placed under the control of different cell type—specific promoters/enhancers.
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The use of bipartite transcriptional regulatory systems in zebrafish was first accomplished in
the laboratory of Jose Campos-Ortega with promoters driving near ubiquitous expression of
the gene encoding the yeast Gal4 transcription factor. Five copies of an optimized upstream
activating sequence (UAS) where Gal4 binds, placed upstream of the minimal £16 promoter
of adenovirus and a synthetic start site from the carp p-actin promoter, controlled
transcription of sequences encoding the intracellular domain of the zebrafish Notchl protein
fused with six myc tags (Scheer & Campos-Ortega, 1999). Expression was visualized in
embryos derived from matings between the driver and responder transgenic lines by anti-
myc antibody labeling. This early demonstration showed that the Gal4/UAS system could
function in zebrafish embryos, albeit at low levels of expression as detection of the UAS-
regulated gene product required signal amplification by immunolabeling.

Expression levels were significantly increased through the adoption of methods to
overexpress randomly targeted genes in a Drosophila insertional mutagenesis screen (Rorth,
1996). Widespread and intense labeling from the green fluorescent protein (GFP) was
achieved in zebrafish embryos using a self-reporting vector that contained the transcriptional
activation domain (AD) of the VP16 protein of Herpes simplex virus fused to the Gal4 DNA
binding domain and 14 UAS (14X) binding sites in a tandem array upstream of the GFP
gene (Koster & Fraser, 2001). Injection of circular or linearized plasmids in transient assays
yielded robust GFP labeling in a variety of zebrafish embryonic tissues depending on the
promoter driving Gal4-VP16. Transgenic lines were not established on account of lethality,
presumably due to “squelching” of factors required for the transcription of endogenous
genes (Koster & Fraser, 2001). Moreover, the injected DNA likely integrated into the
genome in high copy number as complex concatemers that would be targets for
transcriptional silencing.

The discovery and application of Tol2 transposition (Kawakami, Shima, & Kawakami, 2000;
Urasaki, Morvan, & Kawakami, 2006) circumvented the problem of high copy number and
lethality due to overexpression. Several groups modified Gal4-VP16 constructs with the
addition of Tol2 arms (eg, Asakawa & Kawakami, 2008; Davison et al., 2007; Scott et al.,
2007). When injected with Tol2 transposase into 1-cell stage embryos, integration into the
zebrafish genome by transposition results in single copy insertions, survival of the resultant
embryos and germ-line propagation of transgene. Construction of gene/enhancer trap vectors
for Tol2 transposition has yielded numerous Gal4 driver lines from screens for tissue-
specific patterns of expression (eg, Distel, Wullimann, & Koster, 2009; Kawakami et al.,
2010; Marquart et al., 2015; Otsuna et al., 2015; Takeuchi et al., 2015) as well as generated
new insertional mutations (Balciuniene & Balciunas, 2013).

Owing to its widespread use in the Drosophila model, many zebrafish researchers have used
the Gal4/UAS system to manipulate gene expression in cells or tissues of interest, but with
varying results. Both the Gal4-VP16 and UAS components have been revised to maximize
expression levels while reducing toxicity (Akitake, Macurak, Halpern, & Goll, 2011;
Asakawa & Kawakami, 2008; Distel et al., 2009). However, a persistent problem has been
the loss of expression from transgenes in which transcription is under the control of a
multicopy UAS. The UAS contains essential CpG dinucleotides for Gal4 binding, which
also makes it a preferred site for DNA methylation and, hence, transcriptional silencing
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(Goll, Anderson, Stainier, Spradling, & Halpern, 2009). Although UAS-regulated transgenes
may be robustly expressed initially, in subsequent generations, expression often becomes
variable in individuals from the same clutch, and, in extreme cases, fully extinguished
(Akitake et al., 2011; Goll et al., 2009; Pang, Wang, Zhu, & Sun, 2015). Transgenic lines
have sometimes been maintained by selecting embryos or larvae that show more intense or
complete labeling patterns, but this only is possible when a transgene contains fluorescent or
visible markers that can be readily scored. Alternatively, constructs have been reinjected and
lines rederived from new transgenic founders.

To potentially combat transgene silencing and expand the repertoire of transgenic tools,
another binary system derived from Neurospora crassawas adapted for Tol2 transposition in
zebrafish (Subedi et al., 2014). The ga gene cluster was originally identified from the
discovery of Neurospora mutants that failed to metabolize quinic acid as a carbon source,
and its regulatory genes were later determined (refer to Giles et al., 1985). Components of
this cluster (named the Q system) were shown to activate transcription in Drosophila
embryonic and adult stages at a higher level than the Gal4/UAS system and to operate in
cultured mammalian cells (Potter, Tasic, Russler, Liang, & Luo, 2010) and, subsequently, in
nematodes (Wei, Potter, Luo, & Shen, 2012). This chapter reviews how the Q system has
been applied to zebrafish transgenesis, as well as for gene/enhancer trap screens to recover
new tissue-specific driver lines. The wild-type AB laboratory strain (Walker, 1999) was used
for all of the described experiments and to generate new transgenic lines.

2. COMPONENTS OF THE Q TRANSCRIPTIONAL REGULATORY SYSTEM

The key features of the Q system are depicted in Fig. 1. The QF transcription factor is an
816 amino acid protein comprised of structurally distinct regions: a DNA binding domain
(DBD), a middle region of unknown function (DM), and a transcriptional AD. QF binds to
QUAS sites to induce transcription of adjacent genes. A repressor protein, QS, functions to
inhibit QF binding, while exposure to quinic acid relieves this inhibition and restores QF-
mediated transcriptional activation.

2.1 QF AND QF DERIVATIVES

To assess whether QF would be active in zebrafish embryos, the entire QF coding sequence
was initially placed under the control of either the Xenopus laevis elongation factor 1-alpha
(EF1a) or zebrafish ubiquitin B (ubb) promoter, promoters that are known to drive high
levels of expression throughout the zebrafish embryo (Amsterdam, Lin, & Hopkins, 1995;
Mosimann et al., 2011). Constructs were produced in Tol2 vectors as previously described
(Subedi et al., 2014) and coinjected in one to two cell stage embryos along with a
QUAS:GFPTol2 plasmid (see Section 2.2) and RNA encoding the Tol2 transposase (25 ng/
UL). Robust fluorescent labeling was observed in diverse tissues of the injected embryos
after 1 day post fertilization (dpf), validating the use of the Q system in transient expression
assays. Lethality was measured and the optimal concentration for the driver and reporter
plasmids was determined (1-10 ng yielded a survival rate of ranging from 88% to 95%).
Following these encouraging findings, Tol2 vectors with tissue-specific promoters (eg,
mnx1, fabpla, and /ns) driving QF expression were assembled for the generation of stable
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transgenic lines (Subedi et al., 2014). Transgenic QF reporters have also been produced to
label cells activated by Notch or retinoic acid (RA) signaling using tp1l (Parsons et al., 2009;
Subedi et al., 2014) and RA response elements (Huang et al., 2014), respectively. To
facilitate the inclusion of promoters or regulatory sequences of interest, a PCR fragment
containing the QF gene and the SV40 termination sequence was inserted as a middle entry
(ME) clone in the Gateway Recombination Cloning system (Invitrogen, Thermo Fisher
Scientific Inc.). In this modular system, any promoter ina 5" entry clone can be recombined
along with the pME-QF clone and a 3" reporter gene into a Gateway destination vector
reengineered for Tol2 transposition (refer to Kwan et al., 2007).

A drawback to QF is that, as with ectopic Gal4-VP16 activity, widespread overexpression of
this transcriptional activator appears to be toxic to developing embryos. It has therefore been
challenging to recover zebrafish transgenic founders with broadly expressed promoters
driving QF. To circumvent this problem in Drosophila, Riabinina et al. (2015) identified the
region of the QF protein responsible for toxicity and devised other versions of the protein
that would significantly reduce it. By testing a number of QF variants, they determined that
lethality corresponded with the presence of the middle region that, fortunately, was
dispensable for QF function. One of the resultant truncated and codon-optimized products,
QF2 (Fig. 2), fulfilled the criteria of promoting high levels of gene expression, being
suppressible by QS and nontoxic when activated throughout the tissues of larval or adult
Drosophila (Riabinina et al., 2015).

In preliminary experiments to test the efficacy of QF2 in zebrafish, a 1061 bp fragment
(including the terminal 58 bp of the synaptobrevin (syb) promoter and a translation initiation
sequence 5" and 28 bp of the Hsp70 termination site 3') was amplified from the pattB-
synaptobrevin-7-QFBDAD-hsp70 plasmid developed for Drosgphila (Riabinina et al., 2015),
and introduced as a Gateway ME clone. This clone was recombined with a Gateway 5 entry
clone bearing the ubb promoter (Mosimann et al., 2011) into a Tol2 destination vector, and
the resulting plasmid coinjected into one to two cell embryos together with QUAS.-GFP Tol2
plasmid and RNA encoding Tol2 transposase. By 1 dpf, robust labeling was observed.
Moreover, QF2 appeared to be less toxic than in parallel tests with a comparable range of
QF concentrations (Monge and Halpern, unpublished results). Thus, QF2 is functional in
zebrafish, and its smaller size may be a significant advantage for gene/enhancer trap vectors
or for integration into genes of interest by Crispr/Cas9 genome editing.

A further modification of QF is the division of the coding sequence into two parts that can
each be expressed under the control of a different promoter for the purpose of intersectional
gene expression (Fig. 2). The split QF system is based on split Gal4, whereby sequences
containing the DNA binding and transcriptional ADs are separated and fused with
heterodimeric leucine zipper sequences (Luan, Peabody, Vinson, & White, 2006). With
transcription of each module regulated by different promoters, the two peptides are
synthesized only in those cells in which both promoters are active and, upon binding through
the leucine zipper, assemble into a functional transcription factor. This method was recently
applied to zebrafish by splitting an optimized version of Gal4 and demonstrating its
reassembly by activation of UAS reporters (Almeida & Lyons, 2015). In a similar fashion,
split QF components were designed through fusion of sequences for leucine zipper
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heterodimers to those encoding the QF DNA binding and ADs. In transgenic worms,
fluorescent labeling was observed in a single neuron, in which expression from a promoter
driving the DBD construct overlapped with that of another promoter driving the AD
construct (Wei et al., 2012). Although a powerful technique to restrict gene expression, a
downside to the split QF approach is that the activity of the reconstituted protein, as
measured by fluorescence intensity, was only 42% of that of the intact transcription factor
and not all of expected cells were labeled (Wei et al., 2012).

The functionality of split QF in zebrafish has, so far, been verified in transient expression
assays. Sequences corresponding to the CZipper(-)::AD(QF) (678 bp) and the NLS-BD-
DM(QF)::NZipper(+) (2118 bp) regions were amplified, respectively, from plasmids XW52
and XW54 of Wei et al. (2012) to produce ME Gateway clones. The ME clones were
individually recombined with the ubb promoter 5” entry clone and an SV40 polyA tail 3
entry clone into a Tol2 destination vector (Kwan et al., 2007). The two destination vectors
were co-injected with QUAS:GFP plasmid and Tol2 RNA into one to two cell stage
zebrafish embryos or, alternatively, co-injected into QUAS:GFP transgenic embryos (see
Section 2.2). All groups were scored for the presence of fluorescently labeled cells a day
later. Relative to sibling embryos injected with a ubb. QF construct that produces widespread
GFP labeling, those expressing the split QF components displayed far fewer, brightly labeled
cells, scattered throughout a variety of tissues (Monge and Halpern, unpublished results).
GFP labeled cells were not detected when the AD or BD construct was injected alone. The
split QF ME clones were also assembled into Gateway destination vectors with a 5 entry
clone containing the promoter of the Xenopus neural beta tubulin gene (X/Tubb) (gift of
Paul Krieg, University of Arizona). In QUAS.GFP transgenic embryos, coinjected with the
two vectors, GFP positive cells were only recovered in the central nervous system (CNS)
where the X/Tubb promoter selectively functions (Ghosh and Halpern, unpublished results).
Thus, reassembly of split QF components can be successfully accomplished in zebrafish
tissues, however, in stable lines, optimal activation of QUAS-regulated genes will likely
require strong promoters driving expression of the separate DBD and AD modules.

2.2 Q UPSTREAM ACTIVATING SEQUENCE

The QUAS is a conserved 16 bp sequence that is present at multiple sites and in varying
numbers of tandem copies within the ga gene cluster (Giles et al., 1985). In the first plasmid
produced (Subedi et al., 2014), a restriction fragment containing the five copy QUAS array
was obtained from pQUAST (Potter et al., 2010) and cloned upstream of the carp g-actin
minimal promoter and GFP coding sequence in a Tol2 plasmid in reverse orientation relative
to the original construct used in Drosophila. As described earlier, coinjection into one to two
cell embryos of the reversed QUAS. GFP Tol2 vector and plasmids containing ubiquitous
promoters controlling QF results in robust mosaic labeling in many tissues. A stable
transgenic line was established, 7g(QUAS”:GFP)*4%3 that gives consistently high levels of
GFP labeling. Fluorescence from this transgenic reporter does not vary when tested with the
same QF driver over multiple generations and high levels of activation have persisted for
over seven generations (Fig. 3). These results contradict the assertion that QUAS-regulated
transgenes will be transcriptionally silenced similar to those regulated by a multicopy UAS
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(Suli, Guler, Raible, & Kimelman, 2014). Tg(QUAS?:GFP)*#%3 can also be maintained as a
homozygous line.

An unexpected finding was that the embryonic progeny of 7Tg(QUAS":GFP)°4%3 mothers
show faint GFP labeling from the 1-cell stage to several days, even in the absence of QF
activity. Because early embryos are weakly fluorescent, irrespective of their genotype, it is
most likely due to activation of the QUAS in the maternal germ line and deposition of GFP.
Accordingly, when the Tg(QUAS®:GFP)*#93 reporter is transmitted from the paternal
genome, basal expression from the transgene is not observed (Subedi et al., 2014). To
determine whether reversal of the 5X QUAS relative to the GFP transcription start site was
the basis for the maternal expression, a Gateway 5 entry clone was constructed with the
QUAS sequences in the original orientation (Potter et al., 2010) and recombined into a Tol2
destination vector. To expedite the identification of transgenic founders and long-term
maintenance of the QUAS reporter line in the absence of QF, an additional marker for the
lens was supplied with a 3 entry clone consisting of the zebrafish B-crystallin b1 (crybbi)
promoter driving an enhanced cyan fluorescent protein (CFP) gene (a gift of M. Parsons,
Johns Hopkins University). The Tg(QUAS:GFP)**9 line, established from this vector, has
been bred for over five generations. Embryos derived from either heterozygous or
homozygous c469 mothers are brightly labeled upon QF activation but do not show any
evidence of basal fluorescence in the absence of a QF driver (Fig. 3), indicating that the
QUAS transgene is not constitutively expressed. Therefore, all QUAS reporter and effector
lines have been subsequently produced with the QUAS array in the same orientation as in
T9(QUAS:GFP)*#69. Screening for CFP labeling of the lens also permits identification of
larvae bearing QUAS-regulated transgenes or propagation of QUAS responder lines
independent of QF.

2.3 QS AND QUINIC ACID

QS, the QF repressor, was assessed for its ability to reduce or eliminate GFP labeling in
T9(QUASR:GFP)**03 embryos coinjected with Tol2 plasmids containing the £FZa or ubb
ubiquitous promoters driving either QF or QF2 expression (Monge and Halpern,
unpublished results; Subedi et al., 2014). The QS gene was also placed under the control of
the same two strong promoters in Tol2 vectors and those plasmids were injected at a higher
concentration (50 ng/uL) relative to the QF plasmids (3.2 ng/uL). In all experiments, QF and
QF2-dependent GFP labeling was significantly reduced in the presence of either QS
construct and unaffected in the absence of QS. Fluorescence intensity measurements
recorded from individual 7g(QUASR:GFP)**%3 embryos at 1 dpf corroborated that, on
average, the level of GFP labeling decreased by approximately 50% in those that had
received the QS plasmid. Repression of QF activity by QS proteins synthesized from
transcription of integrated transgenes has not yet been accomplished and will require careful
calibration of the relative concentrations of both proteins. Until this is achieved, it will be
difficult to assay the ability of quinic acid to alleviate QS-mediated repression of QF or QF2.
Since a saturated quinic acid solution (~300 mg/mL) is added as a supplement to fly food
vials (Potter & Luo, 2011) or to nematode growth medium (Wei et al., 2012), it is not
possible to extrapolate the equivalent amount to administer to zebrafish embryos in system
water. In a dose-response test, embryonic and larval zebrafish were found to survive
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concentrations of quinic acid equal to or lower than 0.3 mg/mL for up to 5 days of exposure.
Higher doses produced morphological abnormalities and lethality. Whether this baseline of
quinic acid treatment will be adequate to disrupt the QS—QF interaction remains to be
determined.

3. GENE/ENHANCER TRAPPING USING THE Q SYSTEM

In a pilot screen, the QF transcription factor was used effectively for gene/enhancer trapping
with a focus on isolating driver lines specific for the CNS. A gene trap vector, p(GT-QF),
similar to the Gal4 gene trap of Davison et al. (2007), was generated through recombination
of a rabbit p-globin splice acceptor, the QF transcription factor, and SV40 polyA termination
sequences into a Tol2 destination vector (Kwan et al., 2007). A related plasmid, p(GT-QF2),
was produced with the QF2 ME clone. In contrast to the Gal4 gene trap vector, a QUAS-
regulated reporter gene was provided /n trans, rather than included within the same
construct. To test the effectiveness of p(GT-QF) and p(GT-QF2), the Tol2 vectors were
separately injected into 1-cell stage Tg(QUAS:GFP) embryos, which were screened for GFP
expression from 1 to 5 days later and raised to adulthood. Transgenic founders were
identified by screening for patterns of GFP labeling in their F1 progeny, which were raised
and outcrossed to establish QF driver lines. GFP labeled cells were confined to the CNS
(Fig. 3B and C) in approximately 20% of the QF driver lines derived from 33 identified
founders. Cloning and sequencing of the Tol2 QF insertion sites is necessary to confirm that
they correspond to gene trap events, as prior work indicated that some Gal4 drivers map
outside of coding sequences and are likely regulated by nearby enhancers (Davison et al.,
2007). In contrast to p(GT-QF), the QF2 Tol2 gene trap vector induced basal GFP labeling in
the midline of the brain and spinal cord, which confounded the identification of founders.
We are currently testing whether this is due to residual syb promoter sequences amplified
along with the QF2 gene. However, the preliminary screens support gene/enhancer trapping
as a means of obtaining QF driver lines in cell types of interest at a frequency similar to that
of Gal4-based vectors.

4. FUTURE PROSPECTS

For any transcriptional regulatory system to be adopted by the zebrafish research
community, reagents and transgenic lines must be available, easy to apply, and validated in
vivo. We are in the process of generating new QUAS lines that will be useful tools for a
variety of applications, including fluorescent reporters to label subcellular structures,
effectors for cell-autonomous ablation, and optogenetic modulators and genetically encoded
calcium indicators of neural activity. A limitation to any bipartite system in zebrafish is the
paucity of identified tissue or cell type—specific promoters to drive expression of QF or
other regulatory genes. This can, to some extent, be overcome by expanding the collection of
tissue-specific driver lines isolated from gene/enhancer trap screens. Exciting advances in
Crispr/Cas9 technology will enable the creation of driver lines in a more targeted manner. In
pilot studies, QF2 was integrated into specific gene loci following the strategy of Kimura,
Hisano, Kawahara, and Higashijima (2014), and transgenic embryos were recovered that
activate transcription of QUAS reporters in patterns recapitulating endogenous gene
expression (Choi and Halpern, unpublished results). Even so, to perform experiments on
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selective populations of cells, particularly for functional studies of subsets of neurons in
specific regions of the zebrafish brain, will require additional refinements.

The split QF approach, designed for intersectional gene expression, is a promising direction
but whether it will provide sufficient levels of activity in single copy transgenic lines
remains to be demonstrated. Alternative strategies involve combining the Q system with
other binary regulatory systems. QF/QUAS and Gal4/UAS have been shown to operate
independently in the fly (Potter et al., 2010) and zebrafish (Subedi et al., 2014). However, to
achieve the sophistication of methods commonly used in Drosophila, such as mosaic
analysis with a repressible cell marker (MARCM) or coupled MARCM that capitalizes on
both Gal4 and QF (refer to Potter & Luo, 2011), will necessitate optimization of their
respective repressors to confine the spatial or temporal extent of their activity. Suppression
of Gal4 by transgene supplied Gal80 has been demonstrated in zebra-fish embryos
(Faucherre & Lopez-Schier, 2011; Fujimoto, Gaynes, Brimley, Chien, & Bonkowsky, 2011),
but does not work for modified versions of the protein that have the native transcriptional
AD replaced by another. While the QS repressor inhibits QF and QF2 activation of QUAS-
regulated transgenes when provided from injected plasmids, appropriate levels still must be
attained in transgenic lines. This should be possible using strong promoters to drive QS
expression or by developing lines that have multiple copies of QS transgenes.

Cre recombinase-based technology has also been successfully used in zebrafish in concert
with Gal4 to restrict gene expression to more limited numbers of cells. For example,
stochastic Cre-mediated activation of Gal4-VP16 permitted labeling of single tectal neurons
and their dendritic and axonal processes in the brains of larval zebrafish (Sato, Hamaoka,
Aizawa, Hosoya, & Okamoto, 2007). Techniques to induce Cre activity conditionally in
zebrafish (eg, Hans, Kaslin, Freudenreich, & Brand, 2009; Hesselson, Anderson, Beinat, &
Stainier, 2009) provide further ways of regulating QF alleles disrupted by loxP-stop-loxP
cassettes, in subsets of cells at desired developmental stages.

The initial investigation into the Q system indicates that it will be a valuable addition to the
increasing genetic toolkit for transgenic approaches in zebrafish. As more QF drivers and
QUAS responders are developed and shared, this alternative regulatory system, and the
potential for coupling it with other methods, is certain to become widely exploited.
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FIGURE 1.
Schematic of the Q system. GFP, green fluorescent protein; QUAS, Q upstream activating

sequence. (See color plate)
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FIGURE 3. QUAS.GFP transgenic reporters

(A) In the absence of QF, fluorescence in blastula stage embryos derived from Tg(QUASR:
GFP) mothers correlates with the orientation of the 5 copy Q upstream activating sequence
(QUAS) array relative to the GFP transcriptional start site. Maternal expression is abolished
in the ¢469 line. (/mage courtesy of Estela Monge). (B) Labeling from the
Tg(QUASR:GFP)®403 transgene regulated by the ET(QF)¢>10 driver is undiminished in 5-
day-old larvae over three generations. (C) In the eighth generation of Tg(QUASR:GFP)c403
progeny, green fluorescent protein (GFP) is robustly expressed at 48 hpf in a subset of
neurons in which the ET(QF)c481 driver is active. (See color plate)

Image courtesy of Jean Michael Chanchu. The chromosomal locations of the ¢510 and c481
transgenic insertions have not yet been determined.
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