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cGMP-Dependent Protein Kinase Encoded by foraging
Regulates Motor Axon Guidance in Drosophila by
Suppressing Lola Function
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Correct pathfinding and target recognition of a developing axon are exquisitely regulated processes that require multiple guidance
factors. Among these factors, the second messengers, cAMP and cGMP, are known to be involved in establishing the guidance cues for
axon growth through different intracellular signaling pathways. However, whether and how cGMP-dependent protein kinase (PKG)
regulates axon guidance remains poorly understood. Here, we show that the motor axons of intersegmental nerve b (ISNb) in the
Drosophila embryo display targeting defects during axon development in the absence of foraging ( for), a gene encoding PKG. In vivo tag
expression revealed PKG to be present in the ventral nerve code at late embryonic stages, supporting its function in embryonic axon
guidance. Mechanistic studies showed that the transcription factor longitudinal lacking (lola) genetically interacts with for. PKG physi-
cally associates with the LolaT isoform via the C-terminal zinc-finger-containing domain. Overexpression of PKG leads to the cytoplasmic
retention of LolaT in S2 cells, suggesting a role for PKG in mediating the nucleocytoplasmic trafficking of Lola. Together, these findings
reveal a novel function of PKG in regulating the establishment of neuronal connectivity by sequestering Lola in the cytoplasm.
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Introduction
The formation of specific connections between neurons and their
targets is essential for establishing a functional nervous system.

The development of these connections is determined, at least in
part, by selective choices made by growing axons, which are di-
rected by different guidance factors, including transmembrane
receptors, intracellular signaling molecules, and transcription
factors (Dickson, 2002; Kolodkin and Tessier-Lavigne, 2011).
The guanylyl cyclase (GC) Gyc76C is required in motor neurons
for Sema-1a-PlexA-mediated repulsive axon guidance in Dro-
sophila (Ayoob et al., 2004; Chak and Kolodkin, 2014). Intracel-
lular second messengers, cAMP and cGMP, determine the
direction of growth cone steering by modulating calcium chan-
nels (Song et al., 1998; Nishiyama et al., 2003). These two mes-
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Significance Statement

Axon pathfinding and target recognition are important processes in the formation of specific neuronal connectivity, which rely
upon precise coordinated deployment of multiple guidance factors. This paper reveals the role of cGMP-dependent protein kinase
(PKG) in regulating the pathfinding and targeting of the developing axons in Drosophila. Moreover, our study indicates that PKG
regulates the cytoplasmic-nuclear trafficking of the transcription factor LolaT, suggesting a mechanism of PKG in directing motor
axon guidance. These findings highlight a new function of PKG in axon guidance by suppressing a transcription factor.
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sengers also direct the formation of axons and dendrites in
cultured hippocampal neurons through the regulation of protein
kinases (Shelly et al., 2010). These findings suggest that cAMP
and cGMP signaling pathways are crucial during the develop-
ment of the nervous system.

As a key component of the cGMP signaling pathway, PKG is
well known for its functions in cardiac protection, smooth mus-
cle relaxation, neuronal plasticity, and learning and memory
(Kaun et al., 2007; Wang et al., 2008; Francis et al., 2010; Kohn et
al., 2013). However, little is known about the role of PKG in axon
guidance. A previous study showed that, in the absence of cGMP-
dependent protein kinase I (PKG I), the trajectories of sensory
axons in the spinal cord of mouse embryos extend predominantly
in a rostral direction, whereas in wild-type mice they point
equally in both rostral and caudal directions (Schmidt et al.,
2002). In Drosophila, PKG is encoded by the foraging ( for) gene,
two variations of which, forR (Rovers) and forS (Sitters), have
been identified according to dimorphic larval foraging strategies
(Osborne et al., 1997). Interestingly, the Sitter larvae, which have
lower PKG activity, show increased ectopic nerve endings in neu-
romuscular junctions and increased transmitter release after
nerve stimulation in focal recordings compared with the Rover
larvae (Renger et al., 1999). However, the exact role of PKG in
axon guidance and in modulating growth cone responses re-
mains to be elucidated.

Transcription factors are required to regulate neural diversity
and wiring specificity (Zarin et al., 2014). The longitudinal lacking
(lola) gene encodes a number of transcription factors with con-
served N-terminal BTB domains and variable C-terminal zinc-
finger domains. Splicing variants of lola show distinct expression
patterns (Goeke et al., 2003; Horiuchi et al., 2003), which func-
tion in a wide range of developmental processes, including axon
guidance, neural specification, and tumorigenesis (Giniger et al.,
1994; Madden et al., 1999; Goeke et al., 2003; Ferres-Marco et al.,
2006; Spletter et al., 2007). lola mutants exhibit defects of axon
growth and guidance in both the CNS and PNS of Drosophila
embryos (Giniger et al., 1994). In the CNS, Lola is required for
repelling longitudinal axons away from the midline through aug-
menting the expression of the midline repellant Slit and axonal
receptor Robo (Crowner et al., 2002). In the PNS, Lola promotes
ISNb axon growth, in part by suppressing the expression of an
actin nucleation factor, spire, and controls synapse formation
through regulating the expression of glutamate receptors (Gates
et al., 2011; Fukui et al., 2012).

In this study, by observing the axon development of ISNb, we
show that neuronal PKG is required for axon pathfinding and
target recognition in the embryonic PNS of Drosophila. In addi-
tion, PKG is also involved in axon guidance in the CNS, suggest-
ing a general role of PKG during the development of the entire
nervous system. Further, we show that for and lola genetically
interact with each other during motor axon guidance; and at the
molecular level, PKG antagonizes the function of Lola by seques-
tering Lola in the cytoplasm, preventing Lola from entering the
nucleus to regulate transcription.

Materials and Methods
Fly strains and genetics. All flies of either sex used in this study were raised on
standard corn food at 25°C and in 60% humidity with a 12 h light/12 h dark
cycle (Guo et al., 1996). w1118 was used as a control strain. Lethal mutants
were maintained over a CyO, armGFP balancer. elav-Gal4, 24B-Gal4,
Df(2L)ED243, and UAS-lola RNAi lines were obtained from the Blooming-
ton Stock Center (Indiana University, Bloomington, Indiana). NP285-Gal4
was from the Drosophila Genetic Resource Center (Kyoto Institute of Tech-

nology, Kyoto, Japan). UAS-for RNAi [v38320] was from the Vienna Dro-
sophila RNAi Center (Vienna). EP-lola (EP2537) and other EP lines for the
genetic screen were from Y. Zhang (Institute of Genetics and Developmental
Biology, Beijing, Chinese Academy of Sciences). for null mutant ( for20–29),
lolaT mutant (lolaT38-1), and for-v5 in vivo tagged lines were generated by
CRISPR/Cas9-mediated gene targeting. gRNA design conformed with the
target sequence principle: 5�-GG-N17–19-NGG-3�, in which NGG stands for
the small protospacer-adjacent motif (PAM) (Yu et al., 2014). The binding
sequences of gRNAs used in this study were as follows: gRNA-for20–29: 5�-
GGACGATTCTACGGGACAAGGG-3�, gRNA-lolaT38-1: 5�-GGCATCT
TCGATACGAGTCTGG-3�, gRNA-for-v5: 5�-GGCGGACCCTCAGG
ATCGGGAGG-3�. Cas9 mRNAs and gRNAs were transcribed in vitro. The
prepared injection mixtures were injected into w1118 embryos according to a
previously described protocol (Yu et al., 2014). pBluescript KS was used to
generate the donor plasmid for the in vivo tagged for-v5 line. The left homol-
ogous arm (HA-L, 1.8 kb) with a v5-loxP sequence and the right homologous
arm (HA-R, 1.4 kb) were PCR-amplified using Lig4169 genomic DNA as
template before cloning into pBluescript KS. The v5-loxP sequence was di-
rectly added to the end of the primer and was amplified together with the left
homologous arm. The mixture containing Cas9 mRNAs, gRNAs, and donor
plasmid was microinjected into the lig4169 embryos. The lig4169 genetic back-
ground was later changed to w1118 by crossing. The primers used for ampli-
fying HAs were as follows: for-HA-L-forward: 5�-ATAGCGGCCGCGTG
GCGACTACATAGTGCGC-3�, for-HA-L-reverse: 5�-ACCAAGCT
TTCACGTAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTT
ACCGGATAACTTCGTATAATGTATGCTATACGAAGTTATGAAGTC
CTTGTCCCATCCAG-3�, for-HA-R-forward: 5�-ACCAAGCTTGGAGAA
TCAGAACCCGTT-3�, for-HA-R-reverse: 5�-CCACTCGAGCCA
CGACTCACCTATTATC-3�. The following PCR primers were used for the
identification of mutant lines and for the in vivo tagged for-v5 line: for20–29-
forward: 5�-CTCGAACATGAGCACTCC-3�, for20–29-reverse: 5�-AACCT-
CACAGATCTGCGC-3�, lolaT38-1-forward: 5�-CTCCTGGACGATATC
CGTG-3�, lolaT38-1-reverse: 5�-GTGTTTGCTGTACAGCAC-3�, for-v5-
forward: 5�-GGAGGAGACGCACTACCAGC-3�, for-v5-reverse: 5�-
CTTTGGCTGTCTGCAGGCTG-3�.

The UAS-forP2 transgenic line was constructed with a full-length cDNA
of the forP2 coding sequence and used in the previous study (Wang et al.,
2008). UAS-for RNAi [2dsf07] and UAS-myc-lolaT transgenic lines were
generated using previously described protocols (Wang et al., 2008). The 6�
Myc tag (EQKLISEEDL) was added to the N terminus of the LolaT protein.
The RNAi fragments of for and the full-length sequence of lolaT were ampli-
fied from wild-type cDNAs using the following primers: for RNAi [2dsf07]-
forward: 5�-CGGGGATCCGGAGTTGGAGGCTTCGGTC-3�, for RNAi
[2dsf07]-reverse: 5�-CGGGGTACCTAATCCGCACTGATGTCGTG-3�,
lolaT-forward: 5�-ATAGCGGCCGCATGGATGACGATCAGC-3�, lola
T-reverse: 5�-CCGTCTAGACTAGTTATTAAGGTAATC-3�. All con-
structs were verified by sequencing.

Immunostaining and imaging. Embryos at late Stage 16 were collected,
dissected, fixed, and stained for ISNb according to previously described
methods (Lee et al., 2009). Staining of other embryos was performed
according to a common method (Patel, 1994). Drosophila S2 cells were
cultured at 25°C in serum-free insect cell culture medium (HyClone
#SH30278.02). For S2 cell staining, 2 ml cell cultures in 6-well culture
dishes were transfected with appropriate plasmids using Lipofectamine
3000 Reagent (Invitrogen #L3000-008). Forty-eight hours after transfec-
tion, S2 cells were moved onto poly-lysine-coated coverslips and
incubated for another 1 h. Subsequently, cells were fixed with 4% form-
aldehyde for 20 min, permeabilized, and blocked with 0.1% Triton X-100
in PBS containing 10% normal goat serum for 30 min at room temper-
ature. Cells were then incubated with the primary antibody followed
by the secondary antibody. The following antibodies were used for
immunostaining: mouse anti-FasciclinII/mAb 1D4 (1:100; Develop-
mental Studies Hybridoma Bank), mouse mAb BP102 (1:100; Deve-
lopmental Studies Hybridoma Bank), 488 phalloidin (1:400; Invitrogen
#A12379), mouse anti-V5 (1:100; Invitrogen #R960-25), FITC-
conjugated goat anti-HRP (1:400, Jackson ImmunoResearch Laborato-
ries #123-095-021), rabbit anti-Lola (1:50, a gift from Prof. Edward
Giniger), rabbit anti-Flag (1:500; Sigma #F7425), and mouse anti-Myc
(1:500; B&M Biotech #M047-3). Fluorescent secondary antibodies were
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used for signal detection. DNA was visualized with 0.5 mg/ml DAPI.
Embryos or S2 cells were mounted in Vectashield (Vector Labs H-1000).
Stacks of images were obtained using a Leica SP8 or SP5 confocal
microscope. Images were processed using ImageJ (National Institutes of
Health, version 1.42).

In the genetic screen, 3-d-old flies of either sex in correct genotype
were examined and counted. Images of wings from male flies were
captured by a Leica MZ16F stereo fluorescence microscope. Images of
eyes from female flies were obtained using Hitachi TM3000 tabletop
microscope.

Cell synchronization by exposure to hydroxyurea. Transfected S2 cells,
cultured in 6-well plates for 30 h, were treated with 1 mM hydroxyurea for
another 18 h (Heinemann et al., 2010). The cells were harvested, fixed,
and stained with propidium iodide. Normal cycling control samples
without treatment with 1 mM hydroxyurea were collected at the same
time and processed in the same manner. Cells were assessed using flow
cytometry (BD Biosciences FACS Calibur) to determine DNA content
and cell cycle phase.

Generation of expression constructs. Full-length sequences of for and lola,
amplified from wild-type cDNAs, were cloned into pAC5.1-A. The 3� Flag
(DYKDDDDK) and 6� Myc tags were added to the N termini of PKG and
Lola proteins, respectively. Truncated lolaT fragments, encoding the N ter-
minus containing the conserved BTB domain (amino acids 1–454) and the
variable C terminus containing the zinc fingers (amino acids 455–576) were
also separately cloned into pAC5.1-A. Later, a strong, constitutive NLS
(PKKKRKV) was added to the C termini of Myc-LolaT proteins. The prim-
ers used for the construction of pAC5.1-myc-lolaT were the same as those
used in pUAST-myc-lolaT. Three different isoforms of Lola (A, L, T) share
the same forward primer. Other primers used for the constructions were as
follows: forP2-forward: 5�-ATAGCGGCCGCATGCAGAGTCTGCG
GATCTCG-3�, forP2-reverse: 5�-AGTACCGGTCCGCGGTCAGAAGTC
CTTGTCCCATCC-3, lolaA-reverse: 5�-CCGTCTAGACTACAATCCC
TCCCCG-3�, lolaL-reverse: 5�-CCGTCTAGACTAAAACAAATATTT
GG-3�, lola-N-forward: 5�-ATAGCGGCCGCATGGATGACGATCA
GC-3�, lola-N-reverse: 5�-CCGTCTAGACTATTGGGGATCCCGTTGC-
3�, lolaT-C-forward: 5�-ATAGCGGCCGCATGGAAAACTCCTGGACG-
3�, lolaT-C-reverse: 5�-CCGTCTAGACTAGTTATTAAGGTAATC-3�,
lolaT-NLS-forward: 5�-TCTGCGGCCGCATGGATGACGATC-3�, lola
T-NLS-reverse: 5�-ATATCTAGACTACACCTTCCTCTTCTTCTTGGGG
TTATTAAGGTAATCAAG-3�. All constructs were verified by sequencing.

Coimmunoprecipitation. Total protein extracts from Drosophila S2
cells or Stage 16 embryos were prepared in lysis buffer (20 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1 mM EDTA, pH 7.4, 0.5% Triton X-100, 10%
glycerol) in the presence of protease inhibitors [cOmplete, Mini (Roche
#4693124001), PhosStop (Roche #4906845001)]. For coimmunoprecipi-
tation, lysates were incubated with tag-conjugated agarose beads [mouse
anti-Flag-beads (Sigma #A2220) or mouse anti-Myc-beads (Abmart
#20012)] overnight at 4°C. After washes in lysis buffer, immunoprecipi-
tates were boiled in 6 � SDS loading buffer for dissociation from
beads. Rabbit anti-Flag (1:1000, Sigma #F7425), rabbit anti-Myc (1:5000,
B&M Biotech #562), rabbit anti-PKG (1:1000), and mouse anti-tubulin
(1:2000) were used for Western blots to detect coimmunoprecipitated
proteins.

Generation of anti-PKG antibody. Polyclonal anti-PKG antibody was gen-
erated using the synthetic peptide, CKPAVKSVVDTTNFDDYP, as antigen.
The peptide was used to immunize a rabbit for anti-PKG serum production.
The anti-PKG antibody was affinity purified (B&M Biotech).

Statistical analyses. For the quantification of ISNb motor axon defects,
A2-A6 segments of each embryo at late Stage 16 were chosen for analysis.
ISNb axon defects were defined as mistargeting with improper projec-
tions to ventral muscles or abnormal associations with adjacent motor
axons, which were only very rarely observed in control (w1118). Other
defects, such as stalled, bypass, and premature defasciculation, were
rarely detected in either mutants or control w1118 embryos. For the quan-
tification of the midline crossing defects in CNS, six abdominal segments
were analyzed per embryo. In the genetic screen, the blistered or normal
wings of the flies with correct genotypes were counted and calculated for
the rescue percentages of balloon wings. For the quantification of the
percentage of the cells with cytoplasmic retention of Lola proteins, trans-

fected S2 cells in normal size, excluding cells in M phase, which are easily
recognized by chromosome feature, were counted. Fisher’s exact test was
performed to analyze the percentages in different circumstances.

Results
Loss of for function leads to developmental defects in ISNb
motor axon pathfinding and target recognition
We have previously shown that the for gene is involved in visual
pattern memory in the central complex of Drosophila (Wang et
al., 2008). To investigate further whether for is also involved in
neural development, we first examined ISNb motor axons at late
embryonic Stage 16 in a for deficiency line, Df(2L)ED243 (Ryder
et al., 2004), referred to here as forDf(2L)ED243, which carries a 24.7
kb deletion at the for gene genomic locus (Belay et al., 2007). In
wild-type embryos, ISNb axons first defasciculate from the ISN
bundle and extend to the ventral longitudinal muscles, then de-
fasciculate at distinct points to establish three initial presynaptic
contacts with the target muscles 6, 7, 12, and 13 (Landgraf et al.,
1997). In homozygous forDf(2L)ED243 mutant embryos, ISNb ax-
ons often display targeting defects, such as muscle target recog-
nition errors or abnormal associations with other motor axons
(data not shown).

To confirm the novel function of for in ISNb motor axon
guidance described above, we generated a null allele, for20 –29,
using the CRISPR/Cas9 system. The gRNA-binding site was cho-
sen within the kinase domain that is conserved in all PKG iso-
forms (Fig. 1A). The for20 –29 null mutant contains a 1 bp deletion
that results in a frame shift in all PKG isoforms (Fig. 1A). Com-
pared with the control (Fig. 1B), homozygous for20 –29 mutant
embryos display overgrowth or turning to target incorrect mus-
cles, resulting in ectopic nerve endings (Fig. 1C,D, arrows) and
occasionally abnormal associations with adjacent axons (Fig. 1E,
arrows). The schematic diagrams showing the wild-type ISNb
axons and the mistargeting defects are presented in Figure 1F.
The percentages of total ISNb defects or mistargeting defects in
both forDf(2L)ED243 and for20 –29 null mutants are significantly dif-
ferent from that of the w1118 control (Fig. 1G), whereas the inci-
dence of ISNb defects between the two kinds of for mutants is not
significantly different. These results indicate that for is involved in
regulating axon pathfinding and target recognition during em-
bryonic development in Drosophila.

Neuronal for is required for ISNb motor axon pathfinding
Next, we wondered whether the defects we observed in motor axon
pathfinding and target recognition result from the loss of for func-
tion in the muscles or the neurons, or both. As shown in Figure
1B–E, the pattern and morphology of the embryonic ventrolateral
muscles are normal in for mutant line compared with w1118. Impor-
tantly, the total defects and mistargeting defects of ISNb axons in
forDf(2L)ED243 homozygous embryos were not rescued by overexpres-
sion of forP2, an untagged full-length transcript of for gene that we
have previously described (Wang et al., 2008), under the control of a
pan-muscle Gal4 driver, 24B-Gal4 (Fig. 1G), whereas the total de-
fects and mistargeting defects of ISNb axons in forDf(2L)ED243 or
for20–29 were both partially rescued by pan-neuronal expression of
PKG-P2 driven by elav-Gal4 (Fig. 1G).

To substantiate that neuronal PKG contributes to ISNb motor
axon pathfinding and target recognition, we used RNAi trans-
genes to knock down the expression of for. When neuronal for
was knocked down by the expression of for RNAi [2dsf07]or for
RNAi [v38320] driven by elav-Gal4, the ISNb axons showed sig-
nificantly increased total defects and similar mistargeting defects
to those observed in the for mutants compared with the control
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Figure 1. for is required for proper ISNb motor axon pathfinding and target recognition. A, Schematic diagram showing the strategy of generation and characterization of a for20 –29 null mutant
using the CRISPR/Cas9 system. Scissors indicate where the Cas9 cleaves at the for locus. The PAM sequence is marked in red. The gRNA binding sequence is underlined. Red dot represents the 1 bp
deletion in the for genomic sequence. B–E, ISNb motor axon projections of late Stage 16 embryos were visualized with anti-FasII (green). Muscle was stained with phalloidin (magenta). All panels,
Anterior is to the left and dorsal is top. Scale bar, 10 �m. B, In w1118 embryos, ISNb axons navigate dorsally and defasciculate when they arrive between muscles 6 and 7, at the proximal edge of
muscle 13, and innervate appropriate muscles at muscle 12 (arrows). C, D, In for20 –29 null mutant embryos, ISNb axons follow aberrant pathways and target improper muscles (arrows). E, In for20 –29

null mutants, ISNb axons in two neighboring segments abnormally associated (arrows). F, Schematic diagrams showing normal and defective ISNb pathways. G, Quantification of total defects and
mistargeting ISNb phenotypes in w1118, forDf(2L)ED243, for20 –29 and rescued embryos. H, Quantification of total defects and mistargeting ISNb phenotypes of embryos in which endogenous for was
knocked down in either all neurons or all muscle cells driven by elav-Gal4, or 24B-Gal4, respectively. Knockdown of for in the nervous system leads to a significant increase of ISNb mistargting defects
compared with the w1118 control. The number of abdominal hemisegments scored for each genotype is shown in parentheses. ***p � 0.001 (Fisher’s exact test). n.s., Not significant.
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embryos (Fig. 1H). The two RNAi lines used in this study are
both for all transcripts of the for gene, which were validated by
real-time RT-PCR to ensure the knockdown efficiency (data not
shown). Knockdown of for in all muscles by 24B-Gal4-driven
RNAi resulted in no significant ISNb total defects and mistarget-
ing defects (Fig. 1H). These results indicate that neuronal PKG,
rather than muscular PKG, is responsible for normal ISNb motor
axon pathfinding and target recognition during development.

for is expressed in the embryonic ventral nerve cord (VNC)
PKG is widely localized in the adult brain, but mostly in neurons
(Belay et al., 2007). To support the observation that for is involved in
ISNb targeting during embryonic development, we expected PKG to
be present in the embryonic nervous system. To investigate this, a
molecular tag was fused to the for coding region in vivo, designated
for-v5, using the CRISPR/Cas9 system. This genetically modified fly
line was used to examine the expression pattern of PKG at embry-
onic stages. For the in vivo tagging of for with V5, a gRNA-binding
sequence was chosen before the stop codon of the for gene (Fig. 2A).
The donor plasmid for V5 insertion containing the HA-L, the fused
v5-loxP fragment, and the HA-R sequences is schematically shown
in Figure 2A. After homologous recombination (HR), successful in-
sertion of V5 was detected by PCR using primers corresponding to
the inserted V5 sequence and the for genomic sequence (Fig. 2B).
Genomic DNA of for-v5 flies was sequenced to ensure a clean “ends-
out” recombination. PKG-V5 fusion proteins were extracted from
for-v5 embryos and detected by Western blotting using an anti-V5
antibody (Fig. 2C).

Next, we examined the localization pattern of PKG in for-v5 em-
bryos using an anti-V5 antibody. We observed that PKG is ubiqui-
tously expressed throughout the embryonic stages; however, a
specific PKG pattern was detected in late embryonic stages. To make
a better presentation of the cells with high expression levels of PKG,
limited Z-stacks of the staining results were chosen and processed. At
the late embryonic Stage 16, PKG displays a segmental distribution
and is enriched in small sets of cells in the VNC (Fig. 2D,E). How-
ever, almost all other cells have low expression levels of PKG. To
explore whether those cells with high expression levels of PKG are
neurons, we used elav-Gal4 to express a nuclear GFP (GF-
P.nls) in neurons in the for-v5 genetic background. PKG-V5
was detected with a high level in the cytoplasm of the neurons
(Fig. 2F–H ) located in the midline of the VNC.

To determine whether PKG is also involved in axon guidance in
the CNS, we first used a BP102 antibody to detect CNS axons in
forDf(2L)ED243 mutants at embryonic late Stage 16. We found that the
areas between anterior and posterior commissures in each segment
of forDf(2L)ED243 mutants were smaller than those of w1118 embryos
(data not shown). To further confirm the CNS axonal defects in for
mutants, we examined CNS axons in forDf(2L)ED243 mutants using
HRP and anti-FasII antibody at the same time. In w1118 embryos,
CNS axons exhibit a regular axonal scaffold organization detected by
HRP, or three parallel longitudinal axon tracts along each side of the
midline detected by anti-FasII antibody (Fig. 2I–K). As we expected,
the CNS axonal defects in forDf(2L)ED243 mutants are associated with
the midline crossing (Fig. 2L–N; Fig. 2N, arrows), which were also
partially rescued by pan-neuronal expression of forP2 driven by elav-
Gal4 (Fig. 2O). These results suggest that PKG is required for axon
guidance in both the PNS and CNS of Drosophila embryos.

Genetic interaction between for and lola
To investigate the mechanism by which PKG regulates ISNb axon
pathfinding and target recognition, we looked for genes that geneti-
cally interact with for. A yeast two-hybrid study, in which 10,623

predicted full-length transcripts in Drosophila were isolated and
screened, has reported that PKG physically interacts with several
proteins, including Lola and several other proteins (Giot et al., 2003).
However, it remains unknown which protein isoforms or domains
are responsible for the interaction. To confirm that whether these
genes have genetic interaction with for gene, and to find out other
candidate genes, we performed a genetic screen using a different
system from the embryonic PNS based on our previous finding that
PKG regulates the development of the wing and the eye. When PKG
is overexpressed under the control of the for regulatory elements
(NP285-Gal4), flies display a balloon wing phenotype compared
with the normal wings (Fig. 3A,B). Using this balloon wing pheno-
type as a read out, we screened 349 EP (enhancer and promoter)
lines for genes, in which gain-of-function mutations suppressed the
phenotype. Eight candidate genes were identified, also including the
transcription factor lola. We found that overexpression of lola
partially rescued the balloon wing defects induced by the overexpres-
sion of forP2 (Fig. 3C–E). In another test system, knockdown of for in
the eye of flies, driven by GMR-Gal4, causes a rough eye phenotype,
which can be completely suppressed by a simultaneous knockdown
of all transcripts of lola (Fig. 3F–M). These genetic results suggest
that for antagonizes the function of lola in different tissues; we thus
hypothesized that for and lola may also genetically interact in the
process of ISNb axon guidance. As described in the above sections,
forDf(2L)ED243 mutants show ISNb targeting defects during axon
guidance (Fig. 3N). As expected, knockdown of lola transcrip-
tion in the nervous system rescued the ISNb targeting defects of
forDf(2L)ED243 homozygous embryos, although this rescue was only
partial (Fig. 3O,P). The expressivity of the forDf(2L)ED243 phenotype
was reduced from 26% to 10.42% for ISNb mistargeting defects, and
from 40.5% to 23.96% for ISNb total defects (Fig. 3Q). Together,
these results indicate a genetic interaction between for and lola dur-
ing multiple developmental processes, including the motor axon
guidance of the embryonic nervous system.

PKG physically interacts with LolaT both in vitro and in vivo
Given the genetic interaction between for and lola, we wondered
whether the two proteins PKG and Lola have a physical associa-
tion. It is known that different Lola isoforms have distinct func-
tions (Goeke et al., 2003; Spletter et al., 2007; Fukui et al., 2012;
Southall et al., 2014). Therefore, three relatively well-studied Lola
proteins (LolaA, LolaL, and LolaT) were tested for the physical
association with PKG by coimmunoprecipitation experiments
using Drosophila S2 cells. However, the three Lola isoforms in our
study are in accordance with those in Flybase by reason of differ-
ent naming conventions (Davies et al., 2013). Flag-tagged PKG
(Flag-PKG-P2) and each of the three different Myc-tagged Lola
isoforms (Myc-LolaA, Myc-LolaL, Myc-LolaT) were cooverex-
pressed in S2 cells. Interestingly, among the three different Lola
proteins pulled down with anti-Myc antibody, only LolaT co-
immunoprecipitated with PKG-P2 (Fig. 4A). Reciprocally,
immunoprecipitation of Flag-PKG-P2 using anti-Flag anti-
body also coprecipitated Myc-LolaT (Fig. 4B). Physical asso-
ciation of LolaT with the other two PKG isoforms (P1, P3) in
S2 cells was also detected (data not shown). These results in-
dicate that PKG is physically associated with a specific isoform
of Lola, LolaT.

To further substantiate the association of PKG with LolaT,
particularly to see whether the association exists in Drosophila
embryos, we generated UAS-myc-lolaT transgenic flies to express
a fused protein of Myc-LolaT in all neurons using the elav-Gal4
driver. In protein extracts from embryos expressing Myc-LolaT,
we did not detect coimmunoprecipitation of endogenous PKG
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Figure 2. for is expressed in the VNC and is required for CNS axon guidance. A, Schematic diagram of the strategy to generate a for-v5 in vivo tagged line using the CRISPR/Cas9 system. Scissors indicate where
the CRISPR/Cas9 cleaves at the for locus. Empty box marked STOP represents the stop codon of the for gene. Filled red box represents the v5-loxP sequence. Dashed lines indicate the homologous regions in the
Drosophila genome and the donor plasmid. Two opposite arrows indicate the pair of primers used for PCR identification. B, for-v5 was characterized by successful amplification of a 0.57 kb fragment. M, DNA
marker; PC, positive control, the corresponding PCR product amplified from the donor plasmid; NC, negative control, no corresponding PCR product amplified from the w1118 genomic DNA. C, Detection of the
fused PKG-V5 protein in for-v5 embryos. Protein extracts from w1118 or for-v5 embryos were prepared and analyzed with an anti-V5 antibody. Different PKG isoforms are detected in for-v5 embryos. Tubulin is
used as a protein loading control. D, E, Limited Z-stacks of the staining results showing two segments of the VNC. PKG-V5 (magenta) is expressed in the VNC at late embryonic Stage 16. CNS axons stained by
HRP-FITC (green) are the position markers. Scale bar, 10�m. F–H, PKG-V5 (magenta) is detected in a high level in the cytoplasm of the neurons (green). Scale bars, 10�m. I–K, CNS axons of w1118 embryos are
visualized with HRP (green) and anti-FasII antibody (magenta). Scale bars, 10�m. L–N, forDf(2L)ED243 homozygous embryos exhibit midline crossing defects (N, arrows). Scale bars, 10 �m. O, Quantification of
the midline crossing defects in w1118, forDf(2L)ED243 and rescued embryos. n � the number of segments scored for each genotype. ***p � 0.001 (Fisher’s exact test).
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Figure 3. for genetically interacts with lola in wing, eye, and ISNb motor axons. A–E, Genetic interaction of for and lola in the wing. A, Normal wing of control flies. B, Balloon wing caused by
overexpression of PKG under the control of NP285-Gal4. C, Normal wing of the flies overexpressing lola. D, Blistered wing partially rescued by coexpression (Figure legend continues.)
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(Fig. 4C); however, when both PKG-P2 and Myc-LolaT were
expressed in the nervous system of Drosophila embryo, PKG and
LolaT were coimmunoprecipitated with the anti-Myc antibody
(Fig. 4C). To dissect the regions of LolaT mediating the physical

interaction between LolaT and PKG, we generated two truncated
Myc-LolaT constructs: the conserved Lola N-terminal region
with the BTB domain (Myc-LolaT-N) and the variable LolaT
C-terminal region with the zinc finger domain (Myc-LolaT-C)
(Fig. 4D). Each truncated LolaT construct was coexpressed with
Flag-PKG-P2 in S2 cells. Interestingly, but not surprisingly, Flag-
PKG-P2 coimmunoprecipitated with the C-terminal region of
LolaT, but not with the N-terminal region, which is conserved in
all Lola isoforms (Fig. 4E). These results indicate that PKG-P2
and LolaT physically interact with each other in embryonic neu-
ronal cells, and the interaction is dependent on the C-terminal
region of LolaT.

PKG antagonizes LolaT to regulate ISNb axon guidance
The molecular interaction between LolaT and PKG suggested
that lolaT may be involved in for-mediated motor axon guidance.
To this end, we generated a lolaT-specific mutant using the
CRISPR/Cas9 system. A gRNA-binding site was chosen in the
C-terminal region of LolaT, without affecting the other Lola iso-
forms. lolaT38-1 containing a 1 bp deletion was generated, which

4

(Figure legend continued.) of for and lola. E, The penetrance and expressivity of the wing defects
for flies with different genotypes. Overexpression of lola partially rescues the defective balloon wing
phenotype caused by the overexpressed for. F–M, Genetic interaction of for and lola in the eye. F, G,
Normal eye of control flies. H, I, Rough eye phenotype caused by knocking down of for in the eye. J, K,
Normal eye of the flies with lola knocked down in the eye. L, M, Rescued eye of the flies with both for
and lola knocked down in the eye. N–P, ISNb motor axon projections of late Stage 16 embryos visu-
alized with anti-FasII (green). Muscles are stained with phalloidin (magenta). All panels, Anterior is to
the left and dorsal is top. Scale bar, 10 �m. N, In forDf(2L)ED243 mutants, ISNb motor axons innervate
improper muscles or abnormally associate with adjacent axons (arrows). O, ISNb motor axons exhibit
extra nerve endings (arrow) when lola RNAi is expressed in the nervous system. P, Axon guidance
defects in forDf(2L)ED243 are suppressed by lola knockdown in the nervous system. Q, Quantification of
total defects and mistargeting ISNb phenotypes in different genetic backgrounds. ISNb total defects
and mistargeting defects in forDf(2L)ED243 are partially suppressed by knockdown of lola in the nervous
system. The number of abdominal hemisegments scored for each genotype is shown in parentheses.
**p � 0.01 (Fisher’s exact test). n.s., Not significant.

Figure 4. PKG physically interacts with LolaT both in vitro and in vivo. A, PKG-P2 is specifically associated with LolaT in S2 cells. Lysates from Drosophila S2 cells expressing Flag-PKG-P2 and
Myc-GFP, Myc-LolaA, Myc-LolaL or Myc-LolaT were used for immunoprecipitation with anti-Myc and blotted with anti-Flag to detect the presence of Flag-PKG-P2 (lane 4). B, PKG-P2 and LolaT
physical interact in S2 cells. Lysates from Drosophila S2 cells expressing Myc-LolaT with or without Flag-PKG-P2 were used for immunoprecipitation with anti-Flag antibodies and blotted with
anti-Myc to detect the presence of Myc-LolaT (lane 2). C, PKG-P2 physically interacts with LolaT in Drosophila embryos. Lysates from embryos with different genetic backgrounds, expressing PKG-P2
under the control of elav-Gal4 with or without Myc-LolaT, were used for immunoprecipitation with the anti-Myc antibody and blotted with anti-PKG to detect the presence of PKG protein (lane 4).
D, Schematic diagram representing the LolaT constructs used for protein interaction assays with PKG-P2. The full-length LolaT protein is 576 amino acids. LolaT-N represents the N-terminal domain
that is conserved in all Lola isoforms. LolaT-C represents the specific C-terminal region of the LolaT isoform. E, The specific C-terminal region of LolaT is required for the physical interaction between
PKG-P2 and LolaT. Lysates from Drosophila S2 cells expressing Flag-PKG-P2 and Myc-GFP, Myc-LolaT, Myc-LolaT-N, or Myc-LolaT-C were used for immunoprecipitation with the anti-Myc antibody
and blotted with anti-Flag to detect the presence of Flag-PKG-P2 (lane 2, 4).
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results in a frame shift of the LolaT coding sequence (Fig. 5A).
The ISNb motor axon development in lolaT38-1 homozygous mu-
tants showed similar targeting defects to those observed in the for
mutant embryos, especially the defects with abnormal associa-
tions with other axons (AAD). Compared with the w1118 control,
the total defects, mistargeting defects, and the AADs in lolaT38-1

are significantly increased (Fig. 5B). Next, we examined whether
for and lolaT genetically interact with each other in ISNb path-
finding and target recognition. Interestingly, compared with the
w1118 control (Fig. 5C), both heterozygous for20 –29 and heterozy-
gous lolaT38-1 mutants are haplo-insufficient, displaying AADs in
ISNb motor axons (Fig. 5D,E, arrows). More importantly, when
heterozygous lolaT38-1 was combined with heterozygous for20 –29,
the ISNb axon guidance defect phenotype was suppressed (Fig.
5F). Total defects of ISNb axons in the double-heterozygous em-
bryos were significantly decreased compared with the heterozy-
gous for20 –29 mutants (Fig. 5G). Moreover, the AADs of ISNb
axons in the double-heterozygous embryos were rescued (Fig.
5G). These results suggest that ISNb abnormally associated with
adjacent axons is controlled by an antagonistic effect between for
and lolaT.

PKG regulates the cellular localization of LolaT
lola encodes diverse BTB-Zn-finger transcription factors (Splet-
ter et al., 2007) that regulate transcription of a set of specific genes
(Cavarec et al., 1997; Gates et al., 2011). To investigate how PKG
regulates the function of LolaT, we examined the cellular local-
ization of PKG-P2 and LolaT in S2 cells by immunostaining.

When Myc-LolaT was expressed in S2 cells alone, most LolaT
proteins were located in the nucleus, as detected by an Myc-tag
antibody (Fig. 6A–D). However, LolaT proteins were restricted in
the cytoplasm of 23.58% S2 cells with PKG-P2 and LolaT coex-
pressed (Fig. 6E–H). The percentage of the cytoplasmic retention
of LolaT was significantly increased when PKG-P2 and LolaT
were coexpressed in S2 cells compared with cells only expressing
LolaT (Fig. 6I). In the observation, the subcellular localization of
PKG did not significantly change upon coexpression with LolaT.
In addition, LolaA and LolaL were not significantly affected by
PKG-P2 in S2 cells as assayed by staining experiments (data not
shown). Next, to test whether the LolaT protein without the spe-
cific C terminus is not affected by PKG, we performed experi-
ments with LolaT-N and PKG-P2 coexpressed in S2 cells. As
expected, LolaT-N proteins were always detected in the nucleus
(Fig. 6J–M).

To exclude the possibility that the cytoplasmic retention of
LolaT is caused by the breakdown of the nuclear membrane, we
introduced hydroxyurea to block DNA biosynthesis in S2 cells to
inhibit cell division (Heinemann et al., 2010). Flow cytometry
was performed to analyze the cell cycle distribution. Without
hydroxyurea treatment, the cell cycle distributions of S2 cells in
G1, S, and G2 phase were 30.43%, 28.53%, and 41.04%, respec-
tively. When S2 cells were treated with 1 mM hydroxyurea for
18 h, the cell cycle distributions of S2 cells in G1, S, and G2 phase
came out to be 48.94%, 47.22%, and 3.83%, respectively. The
significantly decreased percentage of G2 cells indicates that few
cells were entering the M phase. Under this condition of hy-

Figure 5. for and lolaT genetically interact to regulate ISNb axon guidance. A, Schematic diagram representing the generation and characterization of the lolaT38-1 mutant using the CRISPR/Cas9
system. Scissors indicate where Cas9 cleaves in the lolaT locus. The PAM sequence is marked in red. The gRNA binding sequence is underlined. Red dot represents the 1 bp deletion in the lolaT genomic
sequence. B, Quantification of ISNb total defects, mistargeting defects and AADs in w1118 and lolaT38-1 embryos. AAD, the defects with abnormal associations between ISNb and other axons. C–F,
ISNb motor axon projections of late Stage 16 embryos visualized with anti-FasII (green). Muscles are stained with phalloidin (magenta). All panels, Anterior is to the left and dorsal is top. Scale bar,
10 �m. C, In w1118, ISNb motor axons form three kinds of innervations (arrows) with the ventral muscles in each hemisegment. D, In heterozygous for20 –29 mutants, ISNb and transverse (TN) axons
make abnormal contacts (arrow). E, In the heterozygous lolaT38-1 mutant, ISNb axons of two adjacent segments abnormally associate (arrows). F, Mutants heterozygous for both for20 –29 and
lolaT38-1 exhibit normal ISNb axon projections (arrows). G, Quantification of ISNb total defects, mistargeting defects and AADs in different genetic backgrounds. The percentage of AADs in
double-heterozygous for for20 –29 and lolaT38-1 is significantly decreased compared with each of the two single heterozygous mutants. The number of abdominal hemisegments scored for each
genotype is shown in parentheses. *p � 0.05 (Fisher’s exact test). **p � 0.01 (Fisher’s exact test). n.s., Not significant.
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droxyurea treatment, the percentage of the cells containing cyto-
plasmic LolaT still significantly increased in the cells with both
LolaT and PKG overexpressed (16.36%), compared with the cells
with only LolaT overexpressed (2.54%). To discern the mecha-
nism underlying the cytoplasmic retention of LolaT, we added a
strong, constitutive NLS to the C terminus of Myc-LolaT. We
found that LolaT-NLS proteins were always detected in the nu-
cleus, although both PKG and LolaT-NLS were overexpressed in
S2 cells (Fig. 6 I,N–Q). These results suggest a mechanism by
which PKG regulates the function of LolaT by altering its subcel-
lular localization.

Discussion
PKG is an important intracellular effector of the cGMP signaling
pathway, which has various functions, including neuronal plas-
ticity, learning, and memory (Schmidt et al., 2002; Kaun et al.,
2007; Wang et al., 2008; Reaume and Sokolowski, 2009; Francis et
al., 2010). Our previous studies have revealed that for is required
for visual pattern memory in the central complex of Drosophila
(Wang et al., 2008). Other studies reported that forS and forS2

larvae, which have reduced PKG activity, have increased ectopic
nerve endings in the neuromuscular junction of ISNb motor neu-
rons (Renger et al., 1999), but the precise roles of PKG in neuro-
nal circuit formation remain to be clarified. In this work, we show
that neuronal PKG is required for regulating axon guidance in
Drosophila embryonic stages by antagonizing the effects of LolaT.

PKG and LolaT physically interact with each other both in vitro
and in vivo, an interaction that is dependent on the variable
C-terminal region of LolaT. At the molecular level, PKG modu-
lates the nucleo-cytoplasmic localization of LolaT in S2 cells. Our
findings suggest opposing functions of PKG and LolaT in regu-
lating axon guidance.

The Drosophila neuromuscular system is a good model to inves-
tigate the role and the underlying mechanism of PKG in axon guid-
ance. The stereotypic morphology of the ISNb motor axon from
A2-A6 in late embryonic Stage 16 was selected for analysis in this
study. In the forDf(2L)ED243 hypomorphic mutant and the for20–29 null
mutant, ISNb axons exhibit a similar proportion of mistargeting
defects (26% and 31.41%, respectively), which is significantly higher
than that of w1118 control flies. Surprisingly, but importantly, the
heterozygous for20–29 mutants also showed ISNb mistargeting de-
fects of 18.45%, which provide a basis for genetic interaction tests. In
addition to the mistargeting defects that we have focused on in our
study, other ISNb abnormalities, such as stalled, bypass, or prema-
ture defasciculation, were also rarely observed in both the for mu-
tants and the w1118 control. In the CNS, the midline crossing defects
in the forDf(2L)ED243 mutant suggest a general role of for in the nervous
system during development.

forDf(2L)ED243 is homozygous viable until late larval stages but
is pupal lethal (Belay et al., 2007). In our study, the for20 –29 null
mutants we generated are also pupal lethal. The pupal lethality

Figure 6. PKG sequesters LolaT in the cytoplasm in S2 cells. A–H, S2 cells transfected with Myc-LolaT alone (A–D) or in combination with Flag-PKG-P2 (E–H) were stained with anti-Myc antibody
and anti-Flag antibody. DNA is visualized with DAPI. Scale bars, 10 �m. A, Overview of S2 cells with Myc-LolaT transfection alone. Dashed box represents the cell in high-magnification images (B–D).
B–D, LolaT is detectable in the nucleus when only LolaT is transfected. E, Overview of S2 cells with Myc-LolaT and Flag-PKG-P2 cotransfection. Dashed box represents the cell in high-magnification
images (F–H). F–H, LolaT is retained in the cytoplasm and colocalizes with PKG-P2 in the S2 cells overexpressing both PKG-P2 and LolaT. I, The cytoplasmic retention percentage of different Lola
proteins in the transfected S2 cells. n � the number of scored S2 cells. ***p � 0.001 (Fisher’s exact test). J–Q, S2 cells cotransfected with Flag-PKG-P2 and different Lola proteins were stained with
anti-Myc antibody and anti-Flag antibody. DNA is visualized with DAPI. Scale bars, 10 �m. J, Overview of S2 cells with Myc-LolaT-N and Flag-PKG-P2 cotransfection. Dashed box represents the cell
in high-magnification images (K–M). K–M, LolaT-N is in the nucleus of the S2 cells overexpressing both PKG-P2 and LolaT-N. N, Overview of S2 cells with Myc-LolaT-NLS and Flag-PKG-P2
cotransfection. Dashed box represents the cell in high-magnification images (O–Q). O–Q, LolaT-NLS is in the nucleus of the S2 cells overexpressing both PKG-P2 and LolaT-NLS.
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can be attributed to a possible maternal effect of the for gene,
which may also account for the relatively low penetrance of the
described axon guidance targeting defects in this study.
Hence, we examined the protein level of PKG in the embryonic
stages of for20 –29 and forDf(2L)ED243 mutants. Indeed, a gradual
decrease of PKG was detected as embryo development pro-
ceeded (data not shown), suggesting the possibility of a ma-
ternal effect.

PKG is ubiquitously expressed throughout the embryonic
stages. At Stage 15, PKG is still expressed ubiquitously but with
stronger signal intensity in the nervous system. As the VNC con-
densation and segmental differentiation, PKG starts to attain a
segmental distribution in the VNC at Stage 16. The enrichment of
PKG in each segment of the VNC becomes even more pro-
nounced at Stage 17 (data not shown). PKG was detected with a
high level in the cytoplasm of the neurons (Fig. 2F–H), but it is
also detected in other types of cells (data not shown). We also
tried to label the glial cells in the late embryonic stages using
Repo-Gal4, however, without success. Thus, it is not certain yet
whether PKG is specifically enriched in the glial cells. The RP
motor neurons are located in the midline of the VNC, which can
be distinguished according to their position (Sink and Whiting-
ton, 1991a,b). According to the observation, PKG is likely en-
riched in the RP motor neurons. However, it is not conclusive at
this moment because we do not have proper RP motor neuron
Gal4 lines or other markers to specifically label the RP motor
neurons.

lola is known as a master regulator of axon guidance of ISNb
motor neurons in Drosophila (Madden et al., 1999). Nevertheless,
how Lola is regulated was still not clear. We show that knock-
down of lola in the nervous system suppresses the ISNb targeting
defects of forDf(2L)ED243. lola encodes a family of BTB-Zn-finger
transcription factors with at least 20 different protein isoforms
(Spletter et al., 2007). Each Lola isoform contains a conserved
common N-terminal BTB domain and a variable C-terminal spe-
cific Zn-finger domain (Goeke et al., 2003; Horiuchi et al., 2003;
Ohsako et al., 2003). Lola isoforms have distinct functions in
axon guidance (Goeke et al., 2003). Thus, we hypothesized that
PKG may cooperate with only one or a few of the specific Lola
isoforms in regulating ISNb pathfinding and target recognition.
Coimmunoprecipitation analyses in S2 cells were performed be-
tween PKG and different Lola isoforms. Indeed, one specific
isoform of Lola, LolaT, was detected to interact with PKG. A
previous study reported that ISNb peripheral nerve fails to form
connections to their cognate muscles in strong lola mutants
(lola5D2, lola 1A4) or in embryos with overexpression of lola4.7
(lola-RR and lola-RG in Flybase) (Madden et al., 1999), indicat-
ing a requirement for the correct level of lola expression. In our
study, either loss of lolaT or overexpression of lolaT (data not
shown) in the nervous system caused ISNb abnormally associ-
ated with other motor axons, suggesting a dose-dependent func-
tion of lolaT in motor axon pathfinding and target recognition.
The different phenotypes of ISNb axons between lolaT mutants
and lola null mutants indicate the specific function of different
lola transcripts. Embryos heterozygous for both lolaT38-1 and
for20 –29 exhibit normal ISNb motor axon guidance behavior, sug-
gesting that PKG may have a key role in regulating the functional
dosage of LolaT. Consistently, overexpression of LolaT in the
nervous system in a for20 –29 heterozygous mutant background
did not lead to more severe ISNb axon guidance defects than
those in a wild-type background (data not shown). The antago-
nistic mechanism between PKG and LolaT provides an impor-
tant strategy for axon guidance during embryonic development.

It is important to detect the endogenous colocalization of
PKG and Lola in the embryo to further explore the mechanism in
vivo. Using anti-Lola antibody, we detected that Lola is expressed
in almost all the nuclei of the nervous system of late Stage 16
embryos (data not shown). The cells with high expression level of
PKG, shown in Figure 2, D and E, show a colocalization of PKG
with Lola (data not shown). However, both PKG and Lola are
undetectable in axons (data not shown). We also used elav-Gal4
to overexpress LolaT-Myc in the nervous system. As expected,
overexpressed LolaT appeared in the nuclei of the neurons (data
not shown). Therefore, our results indicate a model that PKG is
not strongly localized to axons and growth cones during periods
of motor and CNS axonal pathfinding but is situated within the
cell body where it locally regulates the access of LolaT to the
nucleus. However, the mechanism between PKG and Lola re-
mains to be illuminated in vivo and in neurons.

Transcription factors containing an NLS can be recognized by
karyopherins directly or by importin � in the presence of an
adaptor protein (Goldfarb et al., 2004; Mosammaparast and
Pemberton, 2004). Our results show that LolaT accumulates in
the cytoplasm of some S2 cells (23.58%) with PKG and LolaT
cotransfected. However, a low percentage of cells (8.06%) trans-
fected with only LolaT also show the cytoplasmic localization of
LolaT, which might be attributed to the endogenous PKG in S2
cells. PKG is mainly localized in the cytoplasm; therefore, it
would be reasonable to hypothesize that the interaction between
PKG and LolaT prevents the nuclear import of LolaT. This hy-
pothesis is supported by another result that LolaT-NLS protein is
no longer restrained in the cytoplasm by the overexpressed PKG.

It is known that phosphorylation can either promote or
inhibit the nuclear import of transcription factors, but few
cargos have been characterized to date (Nardozzi et al., 2010).
A few phosphorylation targets of PKG I in mammals have been
reported (Francis et al., 2010); however, no such protein in
Drosophila has yet been discovered. NetPhosK analyses re-
vealed several predicted phosphorylation sites of PKG in Lo-
laT, supporting LolaT to be a phosphorylatable substrate of
PKG. We propose two possible mechanisms of how PKG reg-
ulates the nuclear import of LolaT. One is that LolaT is phos-
phorylated by PKG, causing LolaT to dissociate from
karyopherins, thereby enabling accumulation in the cyto-
plasm. The other is that the protein-protein interaction be-
tween PKG and LolaT impedes the nuclear import of LolaT.
Future investigations will focus on clarifying the PKG portions
mediating the interaction with LolaT, the PKG phosphoryla-
tion site on LolaT, and will screen for more components that
function together with PKG-LolaT in determining axon guid-
ance during Drosophila embryonic development.
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