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While several large-scale resources are available for in vivo loss-of-
function studies in Drosophila, an analogous resource for overexpress-
ing genes from their endogenous loci does not exist. We describe a
strategy for generating such a resource using Cas9 transcriptional ac-
tivators (CRISPRa). First, we compare a panel of CRISPRa approaches
and demonstrate that, for in vivo studies, dCas9-VPR is the most op-
timal activator. Next, we demonstrate that this approach is scalable
and has a high success rate, as >75% of the lines tested activate their
target gene. We show that CRISPRa leads to physiologically relevant
levels of target gene expression capable of generating strong gain-of-
function (GOF) phenotypes in multiple tissues and thus serves as a
useful platform for genetic screening. Based on the success of this
CRISRPa approach, we are generating a genome-wide collection of
flies expressing single-guide RNAs (sgRNAs) for CRISPRa. We also pre-
sent a collection of more than 30 Gal4 > UAS:dCas9-VPR lines to aid in
using these sgRNA lines for GOF studies in vivo.
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Currently, it is possible to knock down nearly any gene in the
Drosophila genome in any cell type with temporal control

using several genome-wide UAS:RNAi resources (reviewed in ref.
1). A similar collection for gain-of-function (GOF) studies would
be valuable, as GOF studies have led to many discoveries and
serve as a powerful complement to loss-of-function (LOF) studies
(reviewed in refs. 2 and 3). Several GOF collections exist, based
either on expression of cDNAs using the Gal4-UAS system (4) or
on randomly generated insertions of UAS sites in the genome (5,
6). However, there are drawbacks to both approaches. cDNA-
based approaches are technically difficult to scale genome-wide
and require a priori decisions about which isoform to express. In
addition, for random UAS-insertion collections, the affected gene
is not always easy to identify. Furthermore, when UAS is inserted
into a transcription unit in the antisense orientation, antisense
transcription can trigger RNAi, an issue estimated to affect up to
one-third of existing lines (reviewed in ref. 3). Last, an issue that
affects all Gal4-UAS–based GOF approaches is that this system
typically induces extremely high levels of overexpression, which
can affect the interpretation of such experiments.
Cas9 activators, in which a catalytically dead Cas9 (“dCas9”) re-

cruits transcriptional activation machinery to a DNA sequence up-
stream of a target gene’s transcriptional start site (TSS), can
potentially overcome these obstacles. Cas9 activators appear to ac-
tivate endogenous genes at near-physiological levels (7). In addition,
the target specificity is conferred by 20-bp protospacer sequences
within the single-guide RNA (sgRNA), such that production of re-
agents for CRISPR activators (CRISPRa) at genome-wide scale is
feasible. ForDrosophila, such a resource would consist of a collection
of transgenic fly lines, each ubiquitously expressing sgRNAs target-
ing a region upstream of a given target gene, which could be crossed
to flies expressing a Cas9 activator ubiquitously or in a tissue-specific
manner (Fig. 1). However, the success rate of such a strategy in vivo
is unknown, as only a single proof-of-principle experiment has been

published using the dCas9-VPR system (8). In addition, a direct
comparison of the seven currently available Cas9 activators recently
showed that an alternative activator, Synergistic Activation Mediator
(SAM) (9), outperforms dCas9-VPR in many cases in cell culture
(10), prompting us to perform a similar comparison in vivo before
generating a large resource. Here, we present an optimized strategy
for generating a genome-wide collection of sgRNA lines for in vivo
CRISPRa. We show that this strategy has a success rate of at least
75% and that easily recognizable phenotypes can be obtained in
multiple tissues, thus serving as a useful strategy for GOF screening.

Results and Discussion
Comparative Analysis of CRISPRa Strategies in Vivo. To establish a
strategy for building a genome-wide GOF resource, we first opti-
mized the protein component of the Cas9 activator for in vivo
studies. The two most promising strategies for CRISPRa, dCas9-
VPR and SAM, recruit transcriptional activation machinery using
different mechanisms. In dCas9-VPR, dCas9 is directly fused to an
optimized tripartite activator domain (VP64-p65-Rta, VPR) (7). In
SAM, there are two protein components: a VP64 domain is fused to
dCas9, and two additional activator domains, p65 and HSF, are
recruited to the complex via MS2 stem loops in the sgRNA tail (9).
Because it has been previously shown that SAM can outperform
dCas9-VPR in Drosophila cells (10), we wished to compare the two
methods in vivo. We created transgenic flies expressing the SAM
component (MCP–p65–HSF) under UAS control. However, this
UAS:SAM construct was 100% lethal when expressed ubiquitously
(using actin-Gal4), in the absence of any sgRNA (Fig. S1A).
We next attempted to use the effect of recruiting additional

domains via MS2 stem loops while overcoming the lethality of
the SAM construct. To do so, we generated a series of seven
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“SAM-like” fly lines expressing a variety of activator domains
known to function in flies (Gal4AD, HSFAD, VP64, and CiAD)
fused to dCas9 and MCP in different configurations, all under
UAS control, and we also created a modified sgRNA expression
plasmid containing MS2 hairpins. To directly compare this panel
of Cas9 activators in vivo, we used the dpp-Gal4 driver to express
each SAM-like construct in an ectopic domain in the larval wing
disc and crossed each of these lines to flies expressing validated
sgRNAs targeting upstream of wingless (wg) (8). The level of

CRISPRa can be assayed by immunostaining for Wg protein as
well as by observing the extent of wing pouch duplication, a
readout of Wg activity in this context (11). We found that dCas9–
VPR unambiguously outperformed all seven SAM-like approaches
(Fig. 2). Specifically, ectopic Wg expression levels in the wing
pouch were far greater with dCas9–VPR than with any competing
strategy (arrows in Fig. 2); accordingly, the extent of axis duplica-
tion was more extensive in dCas9–VPR than in any other strategy
(arrowheads in Fig. 2). Thus, we decided to pursue dCas9–VPR for
building a genome-wide CRISPRa resource.
To further optimize the dCas9–VPR construct, we tested whether

expressing dCas9-VPR at a higher expression level or with Dro-
sophila codon use could increase target gene activation levels.
However, expression of dCas9-VPR at a higher level (with 20XUAS
and the IVS translational enhancer, compared with 10XUAS) was
lethal when expressed with actin-Gal4 and caused strong sgRNA-
independent defects when expressed in the wing using ms1096-Gal4
(Fig. S1 A and B). Additionally, expression of a Drosophila codon-
optimized 10XUAS-dCas9-VPR construct reduced function relative
to the human codon-optimized construct (Fig. S1C). Together, our
results demonstrate that the 10XUAS:dCas9-VPR construct (human
codon optimized) outperforms all alternatives tested, including
UAS:SAM, a panel of seven SAM-like constructs, and modifications
of the expression level and codon use of the construct.
It has recently been reported that tissue-specific CRISPR can be

improved in Drosophila by expressing sgRNAs under UAS control
rather than from the commonly used U6:3 and U6:1 promoters (12).
To test whether UAS-sgRNAs can also improve CRISPRa, we com-
pared the activation of two target genes, wg and hindsight (hnt), in cell
culture via qPCR. We found that UAS-sgRNAs did not lead to higher
levels of activation and in fact dampened CRISPRa for wg (Fig. S1D).

Characterizing the Success Rate of dCas9-VPR. Having established
that dCas9-VPR– and U6-driven sgRNAs outperform all vari-
ants tested, we next evaluated the success rate and versatility of
this approach. Based on our previous observations, we generated
transgenic flies expressing two sgRNAs per target gene, targeting
a window between −400 and 0 bp upstream of the TSS (8). We

Fig. 1. Schematic of a large-scale CRISPRa resource. Flies expressing tissue-
specific Gal4 driving dCas9-VPR are crossed to a collection of flies constitutively
expressing sgRNAs targeting upstream of the TSS of target genes. Tissue-
specific activation of the target gene occurs in the offspring of the cross.

Fig. 2. dCas9-VPR outperforms SAM-like strategies. Each panel shows antibody detection of Wg following activation in the dpp-Gal4 domain (Fig. 3A) along the
anterior–posterior boundary. Three representative discs are shown for each genotype. Successful CRISPRa results in detectable Wg signal (arrows) as well as
altered patterning along the length of the disc (arrowheads). Identical protospacers were used in all cases; a standard sgRNA tail was used for dCas9-VPR, and an
sgRNA containing two MS2 hairpins was used for all SAM-like crosses to recruit MCP-coupled activators. Anterior is up, dorsal is right. (Scale bars, 50 μm.)
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tested three such sgRNA lines, each targeting a gene for which
an antibody is available [cut, wg (8), and hnt] driven by three
different Gal4 > dCas9-VPR lines. In all three cases, we ob-
served the predicted ectopic expression for these genes (Fig. 3A),
demonstrating that this technique is effective using different
Gal4 drivers, and targeting different genes.
A recent study of tissue-specific CRISPR has shown that leaky

expression of Cas9 from a UAS promoter can lead to mutagenesis
outside the desired Gal4 expression domain (12). To test whether
the same problem affects CRISPRa, we generated a FLP-out
Gal4 strain that, upon heat shock, creates RFP-labeled clones
expressing UAS:dCas9-VPR. We crossed this line to sgRNA-hnt flies
and examined FLP-out CRISPRa clones in the larval wing discs
using an anti-Hnt antibody (Fig. 3B). We observed ectopic Hnt ex-
pression in 100% of RFP-marked clones and never observed ectopic
Hnt outside the Gal4 domain (Fig. 3B), thus demonstrating that
tissue-specific CRISPRa is both highly effective (all clones show
activation of the target gene) and specific (no activation outside the
Gal4 domain). This difference between CRISPR mutagenesis and
CRISPRa is likely because CRISPR mutagenesis requires only a
transient interaction between Cas9 and its target to permanently
disrupt gene function, whereas CRISPRa presumably requires sus-
tained interaction of dCas9-VPR and the TSS of its target gene.
Generating a useful genome-wide collection requires that the

large majority of the lines generated are functional. To estimate
the proportion of sgRNA lines that function as predicted, we
created a panel of transgenic fly stocks expressing sgRNAs targeting
upstream of the TSS of 36 target genes, each of which encodes a

secreted ligand for a highly conserved signaling pathway (Table S1).
We crossed flies expressing dCas9-VPR ubiquitously (with tub-Gal4)
to this panel and analyzed activation using qPCR (Table S2). To
minimize lethality, we grew all the F1 of these crosses at 18 °C for 5 d
to limit Gal4 activity and then transferred the larvae to 27 °C for 2 d.
Seventy-five percent (27/36) of these sgRNA transgenes led to a
greater than threefold increase in transcript levels when combined
with dCas9-VPR, and 58% (21/36) caused a greater than eightfold
increase, a success rate comparable to the proportion of transgenes
in current RNAi stock collections that confer effective knockdown
(Fig. 4) (13). We also note that several of the lines that do not ap-
pear up-regulated using tub-Gal4 when tested via qPCR do in fact
produce specific phenotypes (see below), indicating that these suc-
cess rates are in fact likely to be underestimated.
We next directly compared activation levels attained by

CRISPRa versus Gal4 > UAS-cDNA for three genes using qPCR
(in the wing using nubbin-Gal4) and found that, as predicted,
CRISPRa consistently generated more modest levels of activation
(Fig. S2). To address whether the level of activation induced by
CRISPRa is biologically relevant in vivo, we scored phenotypes for
these 36 genes using three different Gal4 lines: tubulin-Gal4
(ubiquitous), nubbin-Gal4 (wing), and pannier-Gal4 (notum). A
nontargeting sgRNA had no effect on survival or morphology in
any tissue tested (Figs. 4 and 5). For the 36 test lines, ubiquitous
expression at 27 °C caused lethality for the majority of the genes,
particularly those expressed at higher levels (Fig. 4).
We observed specific, predicted phenotypes for many genes

(Fig. 5). CRISPRa of the EGFR ligand vein in the wing led to
excess vein tissue (Fig. 5A) (14). Activation of each of the three
JAK/STAT ligands upd1-3 led to nearly identical growth re-
tardation in both wing (15) and notum (Fig. 5; note that upd1
CRISPRa in the notum was lethal). CRISPRa of the FGF ligands
pyr and ths caused similar defects in wing growth and patterning,
whereas activation of the remaining FGF, bnl, led to ectopic tra-
chea at the base of the wing, as expected (Fig. 5A) (16). The TGF-β
ligand dpp caused ectopic vein formation in the wing (Fig. 5A),
to a lesser extent than seen with UAS:dpp (17), consistent with
the minimal activation detected via qPCR for this line (Fig. 4). A
stronger dpp phenotype was observed in the wing using tub-Gal4,
confirming that the Gal4 expression level can influence phenotype
strength (Fig. 5A). hh, which was lethal when overexpressed using
nub-Gal4 (Fig. 4), caused overgrowth, bristle loss, and a pigmen-
tation defect in the notum and abdomen. Using an additional wing
Gal4, MS1096-Gal4, to drive hh CRISPRa led to severe pattern-
ing defects in pharate adult wings (Fig. 5A). Wnt6 caused over-
growth in the wing and notum as well as excess vein tissue in the
wing (Fig. 5). wg, which was lethal when expressed with any of the
three primary Gal4s tested, led to profound defects in the pharate
adult wing when expressed using ms1096-Gal4 (Fig. 5A). To-
gether, these results indicate that CRISPRa can activate physio-
logically relevant levels of transcription in vivo for a variety of
genes and serves as a useful platform for screening.
We note that three GOF phenotypes reported based on UAS

overexpression were not observed with CRISPRa. Specifically,
CRISPRa of aos, egr, and scw did not lead to vein loss (18), tissue
death (19, 20), or blistering/veination defects (21), respectively,
even though qPCR analysis indicated these lines activate their
target genes (Fig. 4). It is possible that these ligands require
higher expression levels to trigger signaling. We also note an
unexpected phenotype for the TGF-β ligand daw, which led to
loss of the wing margin (Fig. 5). This is different from previous
reports of no phenotype when driving UAS:daw in the wing (22,
23). The reason for this difference is unclear, but we note that it
is unlikely to be an off-target effect, as the TSS of daw is >5 kb
from the nearest neighboring TSS (Syt1, a synaptic vesicle pro-
tein), and no off-targets were predicted genome-wide in the vi-
cinity of any TSS.

Fig. 3. dCas9-VPR is effective and specific. (A) CRISPRa of three endogenous
genes using different Gal4 drivers in the Drosophila wing disc, detected via an-
tibody staining. Arrows indicate ectopic expression. Anterior is up. (B) FLP-out
CRISPRa. Membrane-targeted RFP labels clones expressing dCas9-VPR in the
presence of a control sgRNA (Upper Row) or sgRNA-hnt (Lower Row). Arrowheads
indicate endogenous Hnt expression. Anterior is right. (Scale bars, 50 μm.)
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Gene-Flanking sgRNAs for LOF and GOF Studies. Next, we tested a
strategy to generate sgRNA lines that could be used for both
CRISPRmutagenesis and for CRISPRa. We hypothesized that flies
expressing two sgRNAs, one upstream of the TSS and one down-
stream of the coding sequence (Fig. 6A), which we termed
“sgRNAflank lines,” could serve such a dual function. When
sgRNAflank lines are crossed to a Gal4 > UAS:dCas9-VPR fly stock,
this should activate the target gene via CRISPRa, and when crossed
to Gal4 > UAS:Cas9, this should generate LOF phenotypes by
deleting the entire gene.
As a proof of principle, we generated a sgRNAflank line targeting

scute, a proneural transcription factor with well-characterized LOF
and GOF phenotypes (Fig. 6A) (24). We crossed the sgRNA-scflank

line to pannier-Gal4 > UAS:dCas9-VPR flies and observed strong
GOF phenotype in the offspring: numerous ectopic bristles on the
dorsal thorax, indicating successful CRISPRa (Fig. 6B). We then

crossed sgRNA-scflank to pannier-Gal4 > UAS:Cas9.P2, which
generated the predicted LOF phenotype of the loss of scutellar
bristles (Fig. 6B). We confirmed the deletion of the scute locus via
PCR (Fig. 6C). Thus, the sgRNAflank approach can work to generate
both LOF and GOF functions from a single transgenic sgRNA line.
However, we note two caveats to this proof of principle: first,

whereas the GOF phenotype was 100% penetrant, the LOF
phenotype was observed in only 35% of F1 flies (n = 54). While
this may reflect relatively low penetrance of the sc mutant phe-
notype, it also may be due to the fact that each sgRNA targets
outside the sc coding sequence, and thus a LOF requires that both
cuts be successful and induce a large deletion of the intervening
sequence, potentially a relatively rare event. Second, this strategy
relies on a single upstream sgRNA for CRISPRa. We have pre-
viously reported substantial variation in the success of individual
sgRNAs for CRISPRa (8) and for this reason are building our

Fig. 4. sgRNA lines for CRISPRa have a high success rate. qPCR analysis of sgRNA lines crossed to flies expressing dCas9-VPR ubiquitously, shown on a log2

scale. Solid lines represent the mean of two biological replicates. Larvae in qPCR analyses were grown at 18 °C for 5 d to enhance survival and then were
transferred to 27 °C for 2 d, whereas lethality was measured at 27 °C throughout development. Each gene is compared with a nontargeting sgRNA line (n.t.),
and lethality/phenotypes are indicated on the heat-map below. See Methods for details of lethality/reduced survival.

Fig. 5. Phenotypes generated by in vivo CRISPRa. UAS:dCas9-VPR was driven in the wing by nubbin-Gal4 (A) or in the notum and dorsal cuticle by pannier-
Gal4 (B). Additional Gal4s for select genes are shown in the bottom row of A; note that wg and hh depict wings from pharate adults, as these failed to eclose.
Arrows and brackets indicate abnormal morphological features. See text for details.
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large-scale CRISPRa resource with two sgRNAs per target gene
to maximize the success rate. Nevertheless, the sgRNAflank ap-
proach is a promising strategy for generating dual-use lines for
GOF and LOF.
Based on the high success rate of our CRISPRa experiments,

we have initiated large-scale production of sgRNA fly stocks
using the same platform that we previously used to generate a
transgenic RNAi collection (25), with the aim of generating a
genome-wide resource for GOF studies. At the time of writing,
the collection includes over 250 lines. We hope that this resource
will be useful for interrogating gene function via overexpression.
GOF studies are an important complement to LOF studies and
may be particularly useful for characterizing genes for which no
LOF phenotype is apparent (2).
A number of studies have established that successful CRISPRa

requires sgRNAs to be located within ∼500 bp of the target TSS (9,
26). This has implications for off-target effects: if the TSS of a target
gene is within ∼500 bp of a neighboring TSS, there is likely to be off-
target activation. In theDrosophila genome, we estimate that 3,509 of
the 13,919 annotated protein coding genes (25%) are within 500 bp
of another TSS, and 4,895 (35%) are within 1,000 bp. In such cases, it
will be necessary to use a complementary approach to interrogate the
function of each gene individually. In addition, for genes with mul-
tiple TSSs that are more than ∼400 bp apart, a decision about which
isoform(s) to express will have to be made a priori.
To facilitate the use of CRISPRa in Drosophila, we have gener-

ated a collection of over 30 Drosophila stocks containing a variety of
validated tissue-specific Gal4 lines driving UAS:dCas9-VPR, both
with and without tubulin-Gal80ts for temporal control (Table S3).
These lines, as well as information on the progress of our sgRNA
collection, are described at https://fgr.hms.harvard.edu/fly-in-vivo-
crispr-cas, and the stocks are available at fly.bio.indiana.edu/.

Methods
Drosophila Strains and Rearing. Except where mentioned, all experimental
CRISPRa crosses were maintained at 27 °C to enhance Gal4 expression on
standard Drosophila food supplemented with yeast powder or paste. We note
that similar results were obtained at 25 °C in all cases tested. The Gal4 lines and
UAS:dCas9 lines are described in detail in Table S3. The control nontargeting

sgRNA line for all experiments expresses two sgRNAs targeting the QUAS se-
quence (27), which is not found in the Drosophila genome (Table S1).

sgRNAs. All sgRNA sequences are listed in Table S1. sgRNAs (two per gene) were
designed to target from 0 to 400 bp upstream of target genes (9, 26). sgRNAs
were designed using the Drosophila Resource Screening Center Find CRISPRs v2
online tool (www.flyrnai.org/crispr/) (28) and were additionally screened for
potential off-targets using an independent online tool, CRISPR Optimal Target
Finder (tools.flycrispr.molbio.wisc.edu/targetFinder/index.php). Any sgRNAs
found to have off-targets within 1 kb of any other TSS were redesigned. sgRNAs
were cloned into pCFD4 (for U6) or pCFD6 (for UAS) as described (12, 29). To
generate pCFD4-MS2, we modified pCFD4 to contain MS2 loops in the sgRNA
tail (9) using Gibson assembly (30) (New England Biolabs) of GBlock fragments
synthesized by Integrated DNA Technologies. For VPR versus SAM-like experi-
ments, the same sgRNAs targeting upstream ofwgwere cloned into both pCFD4
(for VPR) and pCFD4-MS2 (for all SAM-like constructs) using a strategy analogous
to pCFD4 cloning. All sgRNAs were integrated into the genome at the attP40
landing site (31) using PhiC31-mediated integration. We used y v nanos-inte-
grase; attP40 (https://fgr.hms.harvard.edu/trip-toolbox) as the injection stock,
and all stocks were balanced by backcrossing to y sc v; Gla, Bc/CyO.

Generation of CRISPRa Constructs and Stocks.
dCas9-VPR. The 10XUAS-dCas9-VPR constructs (both human and Drosophila
optimized) have been previously described (8). The human codon-optimized
plasmid used to generate the stocks in this manuscript is available at
Addgene (Addgene 78897), and fly lines have been submitted to the Bloo-
mington Drosophila Stock Center. To generate high-expression constructs,
both human and Drosophila dCas9-VPR sequences were cloned into pJFRC7
(32), which contains 20XUAS-IVS for enhanced expression, using Gibson as-
sembly. An additional line with 10XUAS:dCas9-VPR (human codon-optimized)
integrated into the attP2 landing site on the third chromosome (31) was
generated so that second chromosome Gal4 lines could be used (Table S3).
Lethality of these constructs in the absence of a sgRNA was assayed by crossing
homozygous lines to yw; actin-Gal4/CyO and counting F1 compared with
CyO siblings.
SAM. The UAS:SAM construct (UAS:MCP-p65-HSF) was generated using Gib-
son assembly of PCR-amplified MCP-p65-HSF (Addgene 61426) and the
pJFRC7 backbone (Addgene 26220). This construct was integrated into the
ZH-51C attP site (33) on chromosome II (BestGene, Inc.) so that it could be
recombined with the other SAM component, UAS:dCas9-VP64, which has
been previously described (8), in the attP40 landing site. Lethality was
assayed using actin-Gal4, as above.
SAM-like. Two subclones (UAS:dCas9-XAD and UAS:MCP-XAD) were first gen-
erated in a VALIUM20 backbone (34) by restriction digest. dCas9 (D10A and
H840A) was amplified from a published plasmid (35). MCP-XAD and the
VP64 domains were synthesized by GENEWIZ. The transcriptional activation
domains of Ci (CG2125) (36) and HSF (CG5748) (37) were cloned from cDNA
of w1118 flies, and the Gal4 activation domain (38) was cloned from genomic
DNA of act5C-Gal4/CyO flies. The lines were generated from these compo-
nents using restriction digest cloning.

qPCR. For qPCR, flies of the genotype w; UAS:dCas9-VPR; tub-Gal4/SM5, TM6B
were crossed to homozygous sgRNA lines, and the F1 were maintained for 5 d
at 18 °C to reduce Gal4 activity and thereby lethality. Larvae were then
transferred to 27 °C for 48 h, and non-Tb larvae were used for qPCR. Three of
the sgRNAs tested (Wnt6, pyr, and upd1) were fully lethal even at 18 °C; for
these three lines, a tubGal80ts repressor was included to fully inhibit Gal4 for
the first 5 d of growth at 18 °C. Three to six L3 larvae were flash-frozen on dry
ice and homogenized in TRIzol (Thermo Fisher); then RNA was extracted fol-
lowing the manufacturer’s protocol. RNA was purified using either RNeasy
(Qiagen) or Direct-zol (Zymo) kits, including a 15–20 min DNase treatment,
and then was used as template for first-strand synthesis and qPCR as de-
scribed (8), with the following modifications: all target genes were com-
pared with the geometric mean of two reference genes (Rp49 and GAPDH),
and an annealing temperature of 57 °C was used. Primers were designed
using a precomputed database of Drosophila qPCR primers (39), and any that
had efficiency outside ∼80–120% were redesigned either from the literature
or using Primer3Plus (primer3plus.com/cgi-bin/dev/primer3plus.cgi). All ex-
periments were conducted in biological duplicates, with technical triplicate
qPCR reactions.

Phenotype Scoring. To score for lethality following ubiquitous CRISPRa, each
sgRNA line was crossed to w; UAS:dCas9-VPR; tub-Gal4/SM5, TM6B at 27 °C,
and the number of F1 were compared with siblings possessing balancers. The
following genes were 100% lethal: Pvf1, Pvf2, bnl, ths, upd, upd2, upd3, scw, hh,

Fig. 6. Dual-function sgRNAflank strategy for GOF and LOF. (A) Design strategy
for sgRNA-scflank line. One sgRNA upstream of the TSS should activate CRISPRa,
while the combination of both sgRNAs allows for deletion mutagenesis. (B) LOF
and GOF phenotypes in the notum using sgRNA-scflank. sc LOF produces loss of
scutellar bristles (white arrows) in 35% of flies, whereas sc GOF causes ectopic
bristles (black arrows). (C) PCR analysis of dissected thoraces from pannier-Gal4 >
UAS:Cas9.P2 > sgRNA-control or sgRNA-scflank flies using primers flanking the
entire scute locus. Note that DNA was extracted from whole thoraxes, which
include many wild-type cells that do not express pannier-Gal4.
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Wnt2, Wnt4, Wnt6, WntD, Wnt10, aos, and jeb. The following lines had highly
reduced survival (<20% of Mendelian expectation): pyr, egr, spz, and spz4. For
wing and notum screens, sgRNA lines were crossed to w; nubbin-Gal4; UAS:
dCas9-VPR/SM5, TMBb or w; UAS:dCas9-VPR/CyO; pannier-Gal4/TM6B. Wings
(10–20 of each sex per cross) were mounted in Permount (Fisher) and imaged
using brightfield optics on a Zeiss Axioskop 2 microscope. Nota and abdomens
were photographed using a Spot RT3 Color Slider Camera Model 25.4.x (Di-
agnostic Instruments, Inc.) mounted on a Nikon SMZ1500 dissecting stereo mi-
croscope. A z-stack was captured and compiled into a single image using Helicon
Focus software. The images represent the sex displaying the strongest pheno-
type. For wings, females are shown for nontargeting (n.t.), Wnt6, dpp, and pyr;
males are shown for vn, upd1, upd2, upd3, ths, daw, and bnl. For nota, females
are shown for n.t., hh, andWnt6; males are shown for upd2, upd3, daw, and pyr.

FLP-Out Gal4 CRISPRa. Flies of the genotype hsFlp; actin-FRT-STOP-FRT-Gal4,
UAS:RFP-myr; UAS-dCas9-VPR/SM6, TM6B were generated from stocks con-
taining hsFlp on the X chromosome (40), Bloomington BL3953 and BL7118,
and the UAS:dCas9-VPR in attP2 described above. This line was crossed to
sgRNA lines for either QUAS (nontargeting control) or hnt. Eggs were laid over
a 24-h period and 48 h later were heat-shocked for 10 min at 37 ° and then
were returned to 27 °C until the wandering stage. Wing discs were dissected
and stained for Hnt protein as described below. Antibody detection of RFP was
unnecessary, as the native signal persisted through fixation and staining.

sgRNA-Scuteflank Experiments.Male flies of the genotype y sc v; sgRNA-scuteflank

or y sc v; sgRNA-QUAS (control) were crossed to females of the genotype w;
UAS:Cas9.P2; pannier-Gal4/TM6B and w; UAS:dCas9-VPR; pannier-Gal4/TM6b.
Progeny of both sexes were scored for loss of one or more scutellar bristles.
Note that the female progeny of these crosses are heterozygous for sc, and
thus the female progeny scored are heterozygous for sc. However, we did not
observe the sc LOF phenotype in control crosses, confirming the recessive
nature of this mutation.

For PCR analysis of sgRNA-scuteflank, nota from pannier-Gal4 >UAS:Cas9.P2 >
control-sgRNA or sgRNA-scuteflank (n = 3 nota per genotype) were dissected

and flash frozen on dry ice. Genomic DNA was extracted using standard tech-
niques, and PCR was conducted using primers flanking the two sgRNAs
(F: GAGTGTTTCTTTTGGACTGTCGAG, R: TTGTAAAACCAATGCAAAGCAACC)
and visualized on a 1.5% agarose gel.

Antibody Staining. L3 larval wing discs were dissected in PBS, fixed for
20–30 min in 4% paraformaldehyde, and then stained using standard pro-
tocols using the following antibodies: anti-Wg [4D4, Developmental Studies
Hybridoma Bank (DSHB), 1:100], anti-Cut (2B10, DSHB, 1:10), and anti-Hnt (1G9-c;
DSHB, 1:10). Anti-mouse secondary antibodies coupled to Alexa 488 or Alexa
555 were used at 1:250–1:400, and were imaged using a Zeiss LSM 780 con-
focal microscope. Maximum intensity projections are shown.

Cell Culture Analysis of pCFD6. Experiments were conducted using Drosophila
S2R+ cells from the Drosophila RNAi Screening Center. Plasmids encoding U6- or
UAS-driven sgRNAs targetingwg and hnt (in pCFD4 or pCFD6, respectively) were
cotransfected with pActin-Gal4 and UAS:dCas9-VPR, as described (8). RNA was
extracted 3 d after transfection, and qPCR performed as described (8).
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