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ABSTRACT

Long non-coding RNAs (lncRNAs) that have no
protein-coding capacity make up a large proportion
of the transcriptome of various species. Many
lncRNAs are expressed within the animal central
nervous system in spatial- and temporal-specific
patterns, indicating that lncRNAs play important
roles in cellular processes, neural development,
and even in cognitive and behavioral processes.
However, relatively little is known about their
in vivo functions and underlying molecular mechan-
isms in the nervous system. Here, we report a
neural-specific Drosophila lncRNA, CASK regulatory
gene (CRG), which participates in locomotor activity
and climbing ability by positively regulating its neigh-
boring gene CASK (Ca2+/calmodulin-dependent
protein kinase). CRG deficiency led to reduced loco-
motor activity and a defective climbing ability—
phenotypes that are often seen in CASK mutant.
CRG mutant also showed reduced CASK expression
level while CASK over-expression could rescue the
CRG mutant phenotypes in reciprocal. At the mo-
lecular level, CRG was required for the recruitment
of RNA polymerase II to the CASK promoter regions,
which in turn enhanced CASK expression. Our work
has revealed new functional roles of lncRNAs
and has provided insights to explore the pathogen-
esis of neurological diseases associated with
movement disorders.

INTRODUCTION

Genome-wide transcriptional analyses have identified
large numbers of non-protein-coding RNAs in humans
and animals (1–4). Depending on their length, non-coding
RNAs (ncRNAs) can be arbitrarily divided into small
ncRNAs and long ncRNAs (lncRNAs). A lncRNA
usually refers to a RNA transcript of longer than 200 nt
without a potential protein-coding ORF; many lncRNAs
show properties similar to those of mRNAs: both are
transcribed by RNA polymerase II, spliced and
polyadenylated.

Although the functions of most lncRNAs are still
unknown, they are emerging as important regulatory
factors in molecular genetic and cellular processes.
lncRNAs could function as transcriptional regulators of
neighboring protein-coding genes by cis- or trans-modula-
tion (5–7). Recently, lncRNAs were found to play
enhancer-like roles on the expression of nearby protein-
coding genes (8). In Drosophila melanogaster, it has been
shown that transcriptional elongation of bithoraxoid (bxd)
ncRNA, the first described Drosophila lncRNA, can
repress the expression of Ultrabithorax (Ubx) (9,10).
lncRNAs have also been implicated in epigenetic
gene regulation through histone or DNA modification
(11–14). Drosophila roX1 and roX2 are functional
lncRNAs that are essential for dosage compensation by
hyper-activating transcription of the X chromosome in
males (15). In addition, lncRNAs could act as precursors
for small RNAs (16).

lncRNAs also function in the nervous system, from
regulating neural development to mediating behavioral
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and cognitive processes (17–20). In Drosophila, tran-
scriptomic studies have revealed large numbers of
non-coding transcripts, including lncRNAs, in the differ-
ent developmental stages, and many of them displayed
specific expression in central or peripheral nervous
system (4,21). Such preferential expression in the
nervous system indicates that these lncRNAs are
involved in neural development and function. For
example, the lncRNA bereft, which is expressed specific-
ally in the Drosophila peripheral nervous system, is essen-
tial for extrasensory organ development and the
maintenance of the interommatidial bristles of the eye
(22). Recently, the lncRNA yellow-achaete intergenic
RNA (yar), which is located within a neural gene cluster,
was found to be involved in Drosophila sleep regulation
(19). These results indicate that lncRNAs play important
roles in neural development and behavioral processes.

Ca2+/calmodulin-dependent protein kinase (CASK)
belongs to the membrane-associated guanylate kinase
(MAGUK) protein family, the members of which are
characterized by the presence of PDZ, SH3 and guanylate
kinase domains at their C terminus (23). CASK is a scaf-
folding protein, and its binding to partner proteins is
involved in synapse formation and plasticity, gene expres-
sion and neural development (24–26). In Drosophila,
CASK (known as cmg or caki) was discovered because
of its CaM-kinase domain at the N terminus (27). CASK
is enriched in the nervous system during development
from the embryonic stage to the adult (27). The newly
released annotation of the Drosophila genome (version
5.43) suggested that the CASK transcriptional unit is
�40 kb long. The protein exists mainly in two isoforms:
the longer includes the N-terminal CaM-kinase-like and
L27 domains whereas the shorter does not include such
domains. Limited mutation of the longer isoform of
CASK caused both initiation and motor maintenance
defects in Drosophila, implicating its involvement in
movement disorders (28). CASK was found to be
associated with both pre- and post-synaptic membranes
(25). Its interaction with Drosophila neurexin, which is
involved in synaptic transmission, might underlie the mo-
lecular mechanism of the locomotor defect (29).

In this study, we demonstrated that a novel lncRNA,
CRG (CASK regulatory gene), which is expressed in the
nervous system, is involved in the regulation of Drosophila
locomotor behavior. The behavioral defects in CRG
mutant could be rescued by over-expression of the
adjacent movement-related protein-coding gene CASK.
Furthermore, CRG could recruit RNA polymerase II to
the CASK promoter regions, thereby increasing CASK
expression. Our results provided another functional
mode of lncRNA on the nearby protein-coding gene
which was implicated in behavior regulation and further
enriched the biological significance of lncRNA.

MATERIALS AND METHODS

Fly stocks

All flies were raised at 25�C on standard corn meal/
molasses medium in a 12 h light/12 h dark cycle at 60%

humidity (30). The following fly strains were used:
wild-type (WT) Canton-S (CS), w1118, elav-Gal4, tub-
Gal4, mb247-Gal4, G7-Gal4, OK6-Gal4, 6793-Gal4,
UAS-CASK (24), X-307, X-313, CRGD1877 and UAS-
CRG.

Coding potential prediction

MAF files for CRG locus in 12 Drosophila species were
downloaded from Galaxy, followed by calculating the po-
tential of non-coding RNAs with PhyloCSF (31,32). The
PhyloCSF score is a log-likelihood ratio, with a positive
score representing that the alignment is more likely to
occur in a coding region than in a non-coding one, and
negative score otherwise.

Generation of CRGD1877

The ends-in gene targeting method (33) was used to
generate a CRG deficiency line. The donor transgenic
flies were constructed as follows: a 3 kb genomic
fragment upstream and a 5 kb genomic fragment down-
stream of the target region, and the DNA fragment used
to introduce the I-SceI cleavage sequence, were sequen-
tially cloned into the pTARG vector to generate the
gene targeting construct pTARG-CRG; then, the recom-
binant plasmid was micro-injected into w1118 embryos to
generate the donor transgenic line.
The primers used to amplify the upstream 3 kb fragment

were:

50-TATTAACGCGTCTTCAGAGGACCGGTTATGCC
G-30,

50-GCGCCAGATCTTACCGAATTTTAAATACATAA
G-30.

The primers used to amplifying the downstream 5 kb
fragment were:

50-CCGGCTAGCTGTGTTGTGTATACATATTTTC
T-30,

50-TTAGGCGCGCCGGTTTTGGATGCCCTGTTTG
G-30.

The oligos used to introduce the I-SceI cleavage sequence
were:

50-CTAGTAGGGATAACAGGGTAAT-30,
50-CTAGATTACCCTGTTATCCCTA-30.

Donor transgenic flies carrying the targeting construct
on the second chromosome were crossed to flies contain-
ing hs-I-SceI and hs-FLP transgenes. One hour of
heat-shock treatment (38�C) was applied on days 2 and
3 after egg laying. Heat-shocked virgin female flies with
mosaic eyes were singly crossed with yw;ey-FLP;MKRS/
TM2,y+males. The w+offspring were selected and crossed
with w1118;hs-I-CreI,Sb/TM6. One hour of heat-shock
treatment (36�C) was applied at the second instar larval
stage to remove the WT copy with the 1877 bp CRG
segment. The w- offspring males were crossed individually
to yw;sp/CyO;MKRS/TM2,y+ to establish stocks.
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The CRG deficiency was verified by DNA
sequencing. The PCR primers used to confirm fragment
deletion were:

50-GTCTTTGCAGCATGCATGATTCA-30

50-TAGACACAAGGAGACACAACAGC-30.

Generation of UAS-CRG flies

The WT cDNA fragment corresponding to the full
sequence of CRG was obtained by RT-PCR using the
primers,

50-GCTGCAGATCTTTTTATTCAGCATTTAGTC-30

50-GCACGCTCGAGTTTCAGTGTTTACTCGTTT-30.

The product was sequence-confirmed and sub-cloned
into the pUAST vector (containing the GFP sequence).
The recombinant plasmid was germline transformed to
generate the UAS-CRG transgenic line. The validity of
the UAS-CRG line was confirmed (Supplementary
Figure S10).

In situ hybridization

A 228 bp cDNA fragment of CRG was amplified from the
total RNA of WT adult head by RT-PCR with the 50

primer 50-AAGGAGACCCAAAACCGAAT-30 and 30

primer 50-AATACTGAGCGCTGGTTGCT-30.
A 265 bp DNA fragment of GFP was amplified from a

recombinant pUAST vector containing the GFP sequence
by PCR with the 50 primer 50-CACATGAAGCAGCACG
ACTT-30 and 30 primer 50-AGTTCACCTTGATGCCGT
TC-30.
Each fragment was cloned into a pGEM-T vector

(Promega). Anti-sense and sense RNA probes were
prepared with SP6 and T7 RNA polymerase, respectively,
using a DIG RNA Labeling Kit (Roche) according to the
manufacturer’s instructions.
Embryos were prepared according to protocols

described by Kosman et al. (34). Larval brains at the late
third instar stage were dissected and transferred to 4%
paraformaldehyde (PFA) in PBS and fixed for 45min at
room temperature. Adult brains were isolated and
transferred to 8% formaldehyde (FA) in PBS and fixed
for 1 h at room temperature. The prepared samples were
then processed following standard procedures for whole
mount in situ hybridization, except that a hybridization
temperature of 60�C was used (21,35). All images were
acquired with a Leica DM2500 microscope in DIC mode.

50 and 30 RACE

50 and 30 RACE were performed with 50-Full RACE and
30-Full RACE Core Set kits (Takara) according to the
manufacturer’s instructions.
The primers used in 50 RACE for CRG were:

outer primer: 50-CGAAACTGAATATCTCCCATGT-30,
inner primer: 50-GCGACTTAGGATCTTATTCG-30.

The primers used in 50 RACE for CASK were:

outer primer: 50-GATGCCTCGACTCAATTGCT-30,

inner primer: 50-CGAATATTGATGAGTTGTGTCCT-30.

The primers used in 30 RACE for CRG were:

outer primer: 50-AGGATGAGGAGATTGCAGGT-30,
inner primer: 50-CGCAAAACAGGCAGATAAACGT-30.

The primers used in 30 RACE for CASK were:

outer primer: 50-CAGATGCGCACGACGATGCAGAT
AC-30,

inner primer: 50-CCACTACGAGAGATGACAGT-30.

The PCR products were purified and cloned into a
pGEM-T vector (Promega) for sequencing.

Northern blotting

The specific fragment used for probe synthesis was
amplified by RT-PCR from WT adult head cDNA. The
primers used in the reaction were:

upper: 50-AGCAACCAGCGCTCAGTATT-30,
lower: 50-AGCTCAAATCGCGTCAATCT-30.

The 1.3 kb fragment was cloned into a pGEM-T vector
to generate recombinant pGEM-T plasmids for
sequencing. The probe was then synthesized and labeled
by in vitro transcription of the recombinant pGEM-T
plasmids with T7 RNA polymerase and DIG RNA
Labeling Kit (Roche). Northern blotting was performed
using total RNA isolated from the adult head and from
the whole fly with DIGWash and Block Buffer Set kit and
CDP-Star kit (Roche) according to the manufacturer’s
instructions, except that blots were hybridized in
ULTRAhyb (Ambion) at 68�C overnight. Chemi-
luminescent signals were visualized using X-ray film.

Western blotting

Proteins from the adult head were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE; 10% polyacrylamide) and electrophoretic-
ally transferred to polyvinylidene difluoride membranes.
Membranes were blocked in phosphate-buffered saline
containing 5% non-fat milk powder and 0.1% Tween 20
(PBST) for 1 h at room temperature, and then incubated
with the indicated primary antibodies (rabbit anti-CASK
serum, 1:1000) overnight at 4�C, washed three times in
PBST (10min per time), and incubated with goat anti-
rabbit horseradish peroxidase conjugated IgG (1:500,
Zhongshanjinqiao) for 1 h at room temperature.
Membranes were subjected to three additional PBST
washes. Proteins were visualized by enhanced chemilumin-
escence (Pierce) and quantified by densitometry
(Bandscan, Glyko).

RT-PCR and quantitative RT-PCR

RT-PCR was carried out to confirm that CRG and GFP
were co-transcribed in transgenic UAS-CRG flies. One
PCR primer corresponding to CRG (50-GGCCGCGGT
GTTAGTAAATA-30) and one corresponding to GFP
(50-ACTGGGTGCTCAGGTAGTGG-30) were used.
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Quantitative RT-PCR was carried out to quantify the
RNA levels of CRG and CASK following a protocol
described previously with minor modifications (36).
Relative differences in specific gene expression levels
were quantified using the equation: expression
level=2�Ct, where �Ct is the Ct value of the gene of
interest subtracted from the Ct value of actin. The
primers used for qPCR were:

qPCR-CRG up: 50-TATCTGCCTGTTTTGCGTTG-30;
qPCR-CRG low: 50-TAATTGCAGCCGCGTTTAAT-30;

qPCR-CASK up: 50-GCGGCACATTAAGAACACC
T-30;

qPCR-CASK low: 50-ACGACATAGGGCGTGAACT
C-30.

qPCR-actin up: 50-CAGGCGGTGCTTTCTCTCTA-30;
qPCR-actin low: 50-AGCTGTAACCGCGCTCAGTA-30;

Luciferase assay

The potential CASK promoter regions from the CASK
transcription start site, 2 kb-up (�2018/�1), 1 kb-up1
(�1000/�1), 1 kb-up2 (�2018/�1000), 0.5 kb-up (�500/
�1), 0.2 kb-up (�200/�1), 2 kb-down (�190/+1891),
1 kb-down1 (+1/+1000), 1 kb-down2 (+1000/+1891),
0.5 kb-down (+1/+500) and 0.2 kb-down (+1/+200)
stream were amplified from Drosophila genomic DNA
and sub-cloned into empty pGL3-Basic luciferase
reporter plasmids to generate 10 recombinant reporter
plasmids. The primers used to amplify these
fragments were:

2 kb-up
50-CAATAACGCGTCACCTGAGTGGCTGAG

CCTT-30

50-CAATACTCGAGTGATTGGCGAAGAACTGG
TTG-30,

1 kb-up1
50-GGTGGGGTACCGCTGTGGGGTAATAAT

AATA-30

50-GTTAGGCTAGCTGATTGGCGAAGAACTGG
TTG-30,

1 kb-up2
50-ATATAACGCGTCACCTGAGTGGCTGAG

CCTT-30

50-AGGCGCTCGAGTATTATTATTACCCCA
CAGC-30,

0.5 kb-up
50-GGTGGGGTACCAAGGAGCAGGAAAATA

TAAT-30

50-GTTAGGCTAGCTGATTGGCGAAGAACTGG
TTG-30,

0.2 kb-up
50-GGAGAGGTACCTAACGAAGTAAGTTGC

TGCA-30

50-GTTAGGCTAGCTGATTGGCGAAGAACTGG
TTG-30,

2 kb-down
50-GATTAGGTACCAGTTGCTGCAGTACCACC

CTT-30

50-GGTCGGCTAGCATATTGATGAGTTGTGTC
CTG-30,

1 kb-down1
50-ATTATGGTACCATTCCTCACGGGCCGTGTT

TG-30

50-ATTATGCTAGCGTTCGCGGGGAAAGTTCG
CAG-30,

1 kb-down2
50-ATATAACGCGTCTGCGAACTTTCCCCGCG

AAC-30

50-AGGCGCTCGAGATATTGATGAGTTGTGTC
CTG-30.

0.5 kb-down
50-ATTATGGTACCATTCCTCACGGGCCGTGTT

TG-30

50-GATGAGCTAGCTGCCGCTGTTGTAAAA
TGCC-30,

0.2 kb-down
50-ATTATGGTACCATTCCTCACGGGCCGTGTT

TG-30

50-GGAGTGCTAGCCACGAACAATTCGCAT
ATAG-30,

The full CRG cDNA sequence was amplified from adult
WT flies by RT-PCR and sub-cloned into expression
plasmid pcDNA3.1 to generate an expression plasmid
for CRG.
HeLa cells were grown at 37�C, 5% CO2 in Dulbecco’s

modified Eagle’s medium (DMEM, Invitrogen) supple-
mented with 10% fetal bovine serum, 1% (v/v)
penicillin-streptomycin. Cell transfection was performed
with cells plated on 24-well plates using a VigoFect kit
(Vigorous) according to the manufacturer’s instructions.
200 ng reporter plasmids, with or without a 200 ng expres-
sion plasmid, were co-transfected with 10 ng of the
internal control plasmid pRL-TK. Luciferase activity
was measured with Dual-Luciferase Reporter Assay
System (Promega) 24 h after the transfectants were
incubated. All experiments were performed in triplicate.

Chromatin immunoprecipitation

The chromatin immunoprecipitation CHIP assay was per-
formed using EZ Chip Kit (Millipore). 200 adult heads
from each line were treated with FA to crosslink the
proteins to the genomic DNA. The tissue was then
homogenized in lysis buffer to obtain a cell lysate that
was subsequently sonicated to shear the genomic DNA
into lengths of between 200 and 1000 bp. The sheared
supernatant was immunoprecipitated using RNA polymer-
ase II antibody (Abcam); normal mouse IgG (Millipore)
was used as a negative control. The specific protein–DNA
crosslinks were reversed at 65�C, and theDNAwas purified
to remove chromatin proteins and quantified by real-time
quantitative PCR. The primers used for qPCR were:

CHIP up1
50-TTCCTTCTGCTCTGCTTACC-30

50-CCTTCCTCATTCTTAAGTGG-30

CHIP up2
50-GCTGGCTGATACAAGTAGGT-30

50-AGCACCAACAACCATTTCGA-30
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CHIP up3
50- GAAAGGTGGACATTAGTGGG -30

50- AACCGTAGGTGCGTAATCTT -30

CHIP up4
50-GTTGTTGTCGTTGGGCGTTT-30

50-CGCGCCATTCAACTTTATCT-30

CHIP up5
50-GGCGCGAAAGAGAAGTAATG-30

50-GCTTGAGTGAAGTCAAATGG-30

CHIP up6
50-ACTTGCTTGCGTACCGCATA-30

50-GTTTTGGGGACGAGAAAGTA-30

CHIP up7
50-CTGTGTCGTTATGAATGACT-30

50-TGGATTGGTTCGGAACTTGG-30

CHIP down1
50-CAATCGAGTGCTAATGCGAT-30

50-TGTGCATTTGGCCCTGCTTT-30

CHIP down2
50-TTGCCAATTGTGCGACACTC-30

50-ACGAAATGTGGAGAACTGAG-30

CHIP down3
50-ACTACCAGAAAGTCCTTCGC-30

50-AGGCGCTACCTTTGTCTT-30

CHIP down4
50-CGAACATCCTTGGAACGAGA-30

50-ATGGTGTCGCAACGGAAATG-30

CHIP down5
50-TCCTTCCTACCATTGGCACT-30

50-GCCACTATAAAGTTGGGCTG-30

CHIP down6
50-GTGTTCCCATCACACAAGTG-30

50-AGTTGAAGGCCGCTAATCAG-30

CHIP down7
50-GCGTCATCTGCTTGACAGAA-30

50-CTTTGAGCGTTTTCCTTCGG-30

RNA immunoprecipitation

The RNA immunoprecipitation (RIP) assay was carried
out using EZ-Magna kit (Millipore). One hundred WT
flies were collected and washed three times with ice-cold
PBS, then homogenized in ice-cold PBS until a single-cell
suspension was obtained. The cells were collected by cen-
trifugation and resuspended in RIP lysis buffer, incubated
on ice for 5min and stored at �80�C overnight. Magnetic
beads were preincubated with 5 mg RNA polymerase II
(Abcam) or with 5 mg normal mouse IgG (Millipore); the
latter was used as a negative control. The frozen RIP
lysate was thawed and centrifuged. The supernatant was
incubated with the magnetic beads–antibody complex at
4�C overnight. The immunoprecipitates were digested
with protease K to remove the proteins and release the
RNAs. The RNAs were then purified and reverse-
transcribed into cDNA using random hexamers. Using
these cDNA as template, PCR was performed with the
following primers:

CRG RIP1
50-CAGCATTTAGTCAAAACAGC-30

50-GTCACCACTGTCTTCAGTTG-30

CRG RIP2
50-GTTTCAAGCCAAGTAAGAAC-30

50-GGCTTACTCATTTCTCATGG-30

CRG RIP3
50-GGAAAAAACATAGAGTGAGC-30

50-GTCTCCTTGTTGAGTTCTCG-30

CRG RIP4
50-CAACTCAAACTCAGGTTGGA-30

50-ACAGTTTGTCGGTGTCATTG-30

CRG RIP5
50-AGTGCAGCTTCATGATCAGC-30

50-GTGTTTGTGACATATCTTCG-30

CRG RIP 6
50-GAACACGTAGTTACTTTGGG-30

50-GCTATCTTCATCTCATCTTC-30

CRG RIP 7
50-AAGGAGAGGCAATGCAAATC-30

50-TGTTTTCTGGCACACTTAGC-30

CRG RIP8
50-CGATACCGACAGAGAGTATC-30

50-CTCGGTATCATATCATCATC-30

CRG RIP9
50-TGCTTATGATCTCCAATGTC-30

50-TTCTCATTCCAGTTTCTTCG-30

Mutant rescue experiments in vitro

The full CRG transcript, and mutant CRG fragment with
RIP4, RIP5, RIP6, RIP7, RIP4-7 deletion, respectively,
were amplified from Drosophila cDNA and sub-cloned
into the expression vector pAc5.1 to generate six recom-
binant expression plasmids. The primers used to amplify
these fragments were:

Full length of CRG
50-CCGCGGGTACCTTTTATTCAGCATTTA

GTCA-30

50-CGACGGCGGCCGCTTTCAGTGTTTACTCG
TTTT-30

CRG with RIP4 deletion
50-GGCGCGATATCTTTTATTCAGCATTTA

GTCA-30

50-GGCGCTCTAGATTTCAGTGTTTACTCG
TTTT-30

50-GCCAGGTTTCTTCATTGATATGTGTTGTGT
ATAC-30

50-GTATACACAACACATATCAATGAAGAAAC
CTGGC-30

CRG with RIP5 deletion
50-GGCGCGATATCTTTTATTCAGCATTTA

GTCA-30

50-GGCGCTCTAGATTTCAGTGTTTACTCG
TTTT-30

50- TACTAAGTTCGATCTCCGCCAGGTTTCTTC
ATTG-30

50-CAATGAAGAAACCTGGCGGAGATCGAACT
TAGTA-30

CRG with RIP6 deletion
50-GGCGCGATATCTTTTATTCAGCATTTA

GTCA-30
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50-GGCGCTCTAGATTTCAGTGTTTACTCG
TTTT-30

50-TCCTTAACTTCATCGCTTTGGGACTCATCA
ACTA-30

50-TAGTTGATGAGTCCCAAAGCGATGAAGTT
AAGGA-30

CRG with RIP7 deletion
50-GGCGCGATATCTTTTATTCAGCATTTA

GTCA-30

50-GGCGCTCTAGATTTCAGTGTTTACTCG
TTTT-30

50-CATTTCATCGATTTTTGGGCTATCTTCATC
TCATC-30

50-GATGAGATGAAGATAGCCCAAAAATCGAT
GAAATG-30

CRG with RIP4-7 deletion
50-GGCGCGATATCTTTTATTCAGCATTTA

GTCA-30

50-GGCGCTCTAGATTTCAGTGTTTACTCG
TTTT-30

50-CATTTCATCGATTTTTGGATATGTGTTGTG
TATAC-30

50-GTATACACAACACATATCCAAAAATCGAT
GAAATG-30

Drosophila S2 cells with CRG absence were grown at
25�C in Hyclone SFX-insect cell culture medium
(Thermo). Cell transfection was performed with cells
plated on 6-well plates using a Attractene transfection
reagent (Qiagen) according to the manufacturer’s instruc-
tions. 1.2mg of the empty pAc5.1 plasmid and the above
six recombinant plasmids were transfected into Drosophila
S2 cell, respectively, after 2-day transfection, the recruit-
ment of RNA polymerase II to the CASK potential
promoter regions for each group were analysed using
CHIP. All experiments were performed in triplicate.

Buridan’s paradigm

The locomotor activity of the flies was measured using
Buridan’s paradigm as described earlier (37). Each group
of flies at 1–2 days after eclosion was rapidly anesthetized
with carbon dioxide (CO2) for 5min, during this time their
wings were cut to about half their normal length. The flies
were allowed to recover for 1 day before being used for the
experiments. Individual flies were placed on an 80mm
diameter circular platform surrounded by a 200mm
diameter LED cylinder and allowed to walk freely. Two
strips, each strip covering a 14.4� angle, were arranged on
either side of the center of the cylinder. Three-minute
traces were recorded with a camera at a rate of 12Hz
and then processed by Limelight (Version 2.0). Trace
length was used to evaluate locomotor activity.

Climbing assay

Climbing ability was tested using the negative geotaxis
assay described by Coulom and Birman (38). Three to
five-day-old flies were used in the behavioral tests. For
each fly strain, three groups of adult flies (10 flies per
group) were anesthetized and placed in vertical glass
tubes (25 cm in length, 1.5 cm in diameter). About 1 h

later, when the flies had recovered from CO2 exposure,
they were gently tapped to the bottom of the vertical
tube and allowed to climb up the tube wall for 10 s. The
test was repeated three times for each group. The climbing
score was calculated as the mean percentage of flies that
reached a height of 15 cm within 10 s.

Statistical analysis

All experimental data were subjected to one-way ANOVA
(SPSS Version 11.5, SPSS Inc.). All graphs represent the
means±SEM.

RESULTS

Identification of the novel lncRNA CRG

To study the function of lncRNAs in the nervous system
of Drosophila, we screened 16 302 D. melanogaster ESTs
downloaded from Unigene (Build #37, ftp://ftp.ncbi.nih
.gov/repository/UniGene/) for lncRNAs that were
expressed in the central nervous system (CNS). We
excluded the 12 405 ESTs annotated as coding sequence,
and assessed the protein-coding capacity of the remaining
3897 ESTs using GenScan (39). We aligned the remaining
2421 ESTs without protein-coding capacity with the
Drosophila genome using SIM4 (40), and obtained 2275
ESTs with a full-length coverage threshold of �80% and
an identity threshold within the covered regions of �85%.
We then analysed 5 kb of genomic sequence flanking both
sides of each EST locus using GenScan (39) and Genie
(41) and compared the ESTs and their flanking regions
against the Swiss-Prot protein sequence database (ftp://
us.expasy.org/databases/swiss-prot) using BLAST to
identify any remaining sequences with protein-coding
capacity. Ultimately, we obtained 377 candidate
lncRNAs. After checking the expression information for
these candidates in the EST database (http://www.ncbi.
nlm.nih.gov/nucest), we identified 107 lncRNA candidates
with an average length longer than 500 nt that were
expressed in the adult brain.
After further screening using RT-PCR and whole

mount in situ hybridization, we found one lncRNA CRG
showed relatively restricted expression in the Drosophila
CNS from the embryonic to the adult stages and was
selected for further functional investigation.
Although the EST for CRG was only 650 nt long, 50 and

30 RACE showed that CRG transcription yielded a
2672-nt, non-spliced and polyadenylated lncRNA that
was transcribed in the same direction as the
protein-coding CASK gene that is immediately upstream
of it (Figure 1A and Supplementary Figure S1). ORF
analysis of the CRG sequence found no ORFs longer
than 200 nt, and because there was no match to any
protein sequence in the Swiss-Prot database correspond-
ing to an ORF longer than 50 nt, we supposed that CRG is
probably a ncRNA. Computational method was used to
further analyse the protein-coding potential of CRG
(31,32). The PhyloCSF score for the CRG locus was
�9060.55 decibans, indicating that CRG is 1.137� 10906

times more likely to be a non-coding transcript than
protein-coding. In addition, in vitro translation assay
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demonstrated that full CRG expression did not produce
any protein products which further confirmed its
non-protein-coding capacity (Supplementary Figure S2).
Since there is a 464-bp overlap between the 50 end of

CRG and the 30 UTR of CASK, we compared 50 and 30

RACE products between CRG and CASK in WT fly
(Figure 1B and C). The 50 and 30 end sequences of the
CRG transcript were completely different from those of
the CASK transcript, suggesting that the CRG and
CASK transcripts are independent. To further confirm
the CRG and CASK were two independent transcripts,
we also detected the 50 and 30 end sequences of the
CASK transcript in CRG null mutant. We found the
CRG absence did not affect the full length of CASK tran-
script (Figure 1D), which was the same as that of WT fly
(Figure 1C). The independent CRG transcript was also
supported by northern blotting, by which the size of the
CRG was consistent with the result of 50 and 30 RACE in
WT fly (Figure 1E). Thus, we confirmed that CRG is
indeed a lncRNA.

CRG is a neuro-specific lncRNA

We evaluated the expression of CRG in the CNS of flies at
different developmental stages by in situ hybridization. In
adult brain tissues, CRG expression was concentrated in
the central brain and in the regions between the central
brain and the optic lobes (Figure 2). At the third instar
larval stage, the CRG expression level in central brain
lobes was higher than that in the optic lobe or the
ventral nerve cord (Figure 2). CRG showed a dynamic
expression pattern in embryos. It first appeared in the
CNS at embryonic stage 14, and was increasingly

expressed during embryonic development (Figure 2 and
Supplementary Figure S3). In addition, using quantitative
RT-PCR, we quantified the distribution of CRG in the
head, thorax and abdomen of adult fly. The results
showed that CRG expressed highly in adult head, quite
low in thorax part and nearly absent in abdomen
segments of adult fly (Supplementary Figure S4). These
results indicate that CRG is a CNS-specific lncRNA,
and strongly suggest that CRG plays a role in the CNS.

CRG is required for locomotor behavior in Drosophila

To explore the function of this lncRNA further, we con-
structed a CRG deficiency line using a gene-targeting
approach. Because highly conserved regions may be im-
portant functional units, we analysed CRG genomic
sequence conservation in 12 Drosophila species and
honeybee, mosquito and beetle (Supplementary Figure
S5) and identified a 1877-bp fragment that was highly
conserved across the 12 Drosophila species. We deleted
this fragment to generate the CRG deficiency line
CRGD1877 (Figure 1A).

The deficiency was first confirmed by PCR using primers
flanking the deficiency region and subsequent sequencing
(Supplementary Figure S6). At the RNA level, no CRG
band was observed in CRGD1877 by northern blotting, and
no expression of CRG was detected in CRGD1877 by quan-
titative RT-PCR (Figures 1E and 3A). Moreover, in situ
hybridization revealed that CRG expression was absent in
CRGD1877 at various developmental stages from the
embryo to the adult (Figure 2 and Supplementary
Figure S3). Taken together, these results demonstrated
that CRGD1877 was a CRG-null mutant line.

Figure 1. Identification of CRG as a lncRNA. (A) Schematic representation of the CRG locus and transcript. The region of DNA deleted in
CRGD1877, the primers used to check the null mutant by PCR and qPCR, the predicted region, and the probes used for in situ hybridization and
northern blotting are shown. (B) 50 and 30 RACE of CRG in WT fly. (C) 50 and 30 RACE of CASK in WT fly. (D) 50 and 30 RACE of CASK in
CRGD1877 flies. CRGD1877, CRG null mutant. (E) Northern blotting of CRG in WT and CRGD1877 flies. A �2.6-kb CRG transcript was observed in
the adult head and whole fly of the WT, Canton-S, but not in the whole fly of the CRGD1877 flies. M, RNA marker. CRGD1877, CRG null mutant.
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The CRGD1877 fly was viable and fertile, and had no
visible defects. However, the mutant fly was defective in
locomotor activity and climbing ability when tested with
the Buridan’s paradigm and a negative geotaxis assay, re-
spectively (Figure 3B and C). To determine whether the
defects were caused by CRG deficiency, we performed
rescue experiments by over-expressing CRG in the
CRGD1877 background. The CRG level was fully restored
by elav-Gal4-driven over-expression (Figure 3A), and the
locomotor activity defect in CRGD1877 was fully rescued by
elav-Gal4-driven over-expression (Figure 3B). The
climbing ability defect in CRGD1877 was also restored by
CRG over-expression driven by elav-Gal4 (Figure 3C). In
addition, we chose three specific Gal4 lines to narrow
down the regions where CRG are required for function.
The results showed that the behavioral defects of CRG
null mutant flies in the two behavior paradigms could
not be rescued by CRG over-expression driven by
muscle-specific Gal4 (G7-Gal4), motoneuron-specific
Gal4 (OK6-Gal4) and cholinergic neuron-specific Gal4
(6793-Gal4), respectively (Supplementary Figure S7),
which suggested that the CRG may function in the
central brain, but not in the motor neurons and muscles.

CRG regulates CASK participating in locomotor behavior

Because CRG is localized immediately downstream
of CASK, which is a movement disorder-related
protein-coding gene that is implicated in the walking be-
havior of Drosophila (27,28) (Supplementary Figure S8),
we assumed an interaction between CRG and CASK.
First, we examined CASK RNA levels in the adult head
of CRGD1877 flies by quantitative RT-PCR. CASK RNA

levels were significantly decreased in the CRG deficiency
line compared with its levels in WT flies, and could
be rescued by pan-neuronal expression of CRG
(Figure 3D). Next, we examined CASK protein levels in
CRGD1877 flies by western blotting. Compared with those
in the WT control, CASK protein levels were reduced in
the adult head of the CRG deficiency line. This defect
could be rescued by CRG over-expression driven by
elav-Gal4 (Figure 3E). This suggests that CRG may act
as a regulator of CASK expression. In fact, we named
the lncRNA CRG because of this likely interaction.
To determine whether CASK down-regulation evoked

by CRG deletion was responsible for the aberrant
behavior of CRGD1877 flies, we attempted to rescue the
defective phenotypes in the CRG mutant by over-
expressing CASK. We found that over-expression of
CASK in the nervous system of CRGD1877 flies could ef-
fectively rescue both the locomotor activity and the
climbing ability defects, as revealed by Buridan’s
paradigm and the negative geotaxis assay, respectively
(Figure 3F and G). Thus, CASK is a relatively direct
effector that mediates CRG-regulated fly locomotor
activity and climbing ability.

CRG positively regulates CASK expression

Because lncRNAs have been reported to be important for
regulating transcription of their neighboring protein-
coding genes, we performed luciferase assays to determine
whether CRG transcripts affected the CASK promoter
regions to regulate CASK transcription. First, because
the longer CASK transcript is thought to be involved
in locomotor behavior (28), we chose segments 2 kb

Figure 2. Expression of CRG by in situ hybridization. The left column shows the expression of CRG in the CNS of adults, third instar larvae, and
stage 16 embryos in WT CS flies, detected with the CRG anti-sense probe. No signal was detected with the CRG sense probe in CS flies
(middle column) or with the CRG anti-sense probe in CRGD1877 flies (right column). Scale bars, 100 mm.
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upstream (2 kb-up) and 2 kb downstream (2 kb-down) of
the start site of the longer transcript. We tested the two
sequences in the luciferase reporter system and confirmed
them to be CASK promoters (Figure 4A and B). Then, we
selected six fragments from the candidate promoter
regions: three upstream of the CASK transcription start
site (2 kb-up, 1 kb-up1, and 1 kb-up2) and three down-
stream of the CASK transcription start site (2 kb-down,
1 kb-down1, 1 kb-down2) (Figure 4C and D). In a
luciferase-based reporter system, our results showed that
all six fragments functioned as promoters to induce
luciferase expression, moreover, the CRG transcript sub-
stantially enhanced CASK 2 kb-up and 2 kb-down
promoter-induced luciferase expression, but had no
effect on the luciferase expression induced by any of the
other fragments (Figure 4C and D). Furthermore, similar
assay for the other four fragments surrounding the CASK
transcription start site, 0.5 kb-up, 0.2 kb-up and 0.5 kb-
down, 0.2 kb-down was also performed (Supplementary
Figure S9). Among these fragments, all the fragments
except for 0.2 kb-down functioned as promoters to
induce luciferase expression, and CRG transcript also
had no effect on the luciferase expression induced by the
four fragments (Supplementary Figure S9). Taken

together, these results suggested that the two 2 kb-up
and 2 kb-down promoter regions were the CRG-targeted
segments.

CRG recruits RNA polymerase II to the CASK promoters

To determine how CRG enhances the CASK promoters,
we tested whether CRG affected the association between
the transcription initiation complex and the CASK
promoter regions. Because RNA polymerase II (Pol (II))
is the central component of the transcription initiation
complex, we examined the effect of CRG transcripts on
the interaction between Pol (II) and the CASK promoter
region. We selected 14 regions to examine the interaction
influenced by CRG: 7 within the upstream CRG-targeted
segment (CHIP up1 to CHIP up7) and 7 within the down-
stream CRG-targeted segment (CHIP down1 to CHIP
down7) (Figure 5A). Using CHIP assays, we found that
the occupancy of Pol (II) on the two CASK promoter
regions in CHIP up3 and CHIP down4 was decreased in
the CRG-null mutant, and the decrement could be fully
restored by CRG over-expression driven by pan-neuronal
elav-Gal4 (Figure 5B and C). Thus, the CRG transcript
regulates CASK expression by enhancing the association

Figure 3. CRG affects CASK-dependent locomotor activity and climbing ability. (A) The expression level of CRG measured by qPCR. CRG
transcription was abolished in CRGD1877 but was fully rescued by pan-neuronal expression of CRG driven by elav-Gal4. (B) In Buridan’s
paradigm, the 3-min traces of CRGD1877 mutant flies were significantly shorter than those of WT CS flies, and were restored by the over-expression
of CRG driven by elav-Gal4. N=45 for each group. (C) Climbing ability in the geotaxis assay was reduced in CRGD1877 compared with CS flies and
rescued by restoration of CRG driven by elav-Gal4. N=9 for each group. (D) The level of CASK RNA was reduced in CRGD1877 adult head
and was rescued by CRG over-expression driven by elav-Gal4 as determined by qPCR. (E) Levels of CASK protein decreased in CRGD1877 adult
head and were rescued by CRG over-expression driven by elav-Gal4 as determined by western blotting. (F) The locomotor activity defect in CRGD1877

was restored by CASK expression driven by elav-Gal4 as determined by Buridan’s paradigm. N=45 for each group. (G) The defective climbing
ability in CRGD1877 flies was rescued by CASK over-expression driven by elav-Gal4. N=9 for each group. **P< 0.01; ***P< 0.001. Error bars
indicate the SEM.
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between the transcription initiation complex and the
CASK promoter regions.

Next, we examined whether the CRG transcript exerts
its function by participating in the transcription initiation
complex, and if so, which regions of the CRG transcript
are required. We performed RIP assays to identify the

candidate CRG fragments that interacted with Pol (II).
Four consecutive truncated CRG fragments (RIP4 to
RIP7) that jointly span a 1148-nt segment in the center
of CRG were amplified from immunoprecipitate of Pol (II)
extracted from WT tissues (Figure 6A–E). The next
question is whether these four truncated CRG fragments

Figure 4. Trans-acting mechanism involved in CRG-mediated regulation of CASK expression. (A and B) Introduction of the CASK 2 kb-up and
2 kb-down fragments into the pGL3-Basic luciferase reporter plasmid-induced luciferase expression, suggesting that they contain CASK promoter
regions. (C and D) Additional expression of the CRG transcript in pcDNA3.1 promoted the CASK 2 kb-up- and 2 kb-down-induced luciferase
expression, but had no effect on the luciferase expression of the empty pGL3-Basic, 1 kb-up1, 1 kb-up2, 1 kb-down1, 1 kb-down2 constructs.
*P< 0.05; **P< 0.01; ***P< 0.001; and n.s., not significant. Error bars indicate the SEM.
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are indeed functionally important for recruiting Pol (II)
and regulate CASK expression. To answer this question,
we performed rescue experiments in Drosophila S2 cell by
mutant CRG with the RIP4, 5, 6, 7 fragments deletion,
respectively. Using CHIP method, we found that for
CASK CHIP up3, all the CRG RIP4, 5, 6, 7 fragments
were involved in the recruitment of Pol (II), whereas for
CASK CHIP down4, only CRG RIP4 played role in the
process (Figure 6F and G). Taken together, these results

suggested that the CRG transcript regulated CASK
expression by recruiting Pol (II) to the CASK promoter
regions.

DISCUSSION

Here, we have described a novel neural-specific lncRNA,
CRG. CRG has important biological significance—it is
involved in locomotor behavior in Drosophila—which is

Figure 6. The CRG regions important for the recruitment of Pol (II) to the CASK promoter regions were identified. (A) Schematic representation of
the CRG gene showing the transcription start site (arrow). All the detected truncated co-precipitated CRG fragments were shown. (B–E) In vivo
identification of the CRG transcript fragments associated with Pol (II). RIP was performed with an anti-Pol (II) antibody; normal mouse IgG was
used as the negative control. M, DNA marker.+RT, reverse transcription. �RT, control for DNA contamination. (F and G) In vitro determination
of CRG regions important for the Pol (II) recruitment to the CASK promoter regions. For the occupancy site CHIP up3, all the CRG RIP4, 5, 6, 7
were involved in the recruitment of Pol (II), whereas for CHIP dow4, only CRG RIP4 participated in the process. *P< 0.05; **P< 0.01;
***P< 0.001. Error bars indicate the SEM.

Figure 5. CRG transcript enhances the recruitment of Pol (II) to the CASK promoter regions. (A) Schematic representation of the CASK gene
showing the transcription start site (arrow). The detected occupancy sites CHIP up1-7 and CHIP down1-7 of the CASK promoter regions are shown.
(B and C) In vivo occupancy of Pol (II) on the CASK promoters was down-regulated in CRGD1877 flies, but was restored by over-expression of the
CRG transcript, indicating that such occupancy is positively regulated by the CRG transcript. *P< 0.05; **P< 0.01; ***P< 0.001. Error bars indicate
the SEM.
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attributed to its regulation of the transcription of the
adjacent protein-coding gene CASK.

Although the functions of the most lncRNAs are still
unknown, many are expressed in nervous system in
Drosophila embryos (21) or in mouse (17,18). Our study
traced the expression patterns of CRG from embryonic
and larval stages to adult. The spatiotemporal expression
pattern of CRG revealed that CRG was confined to
specific regions of nervous system, which suggested that
it could play important roles in neural functions of
Drosophila. The next question is whether the functional
site of CRG in CNS or peripherally at the neuromuscular
junction (NMJ). To solve this question, electrophysiolo-
gical experiments can be performed to analyse the excita-
tory junction potentials (EJPs) in third instar larval muscle
in WT comparing with CRG nulls. If no differences were
observed then it would suggest a central defect. Here, we
performed the behavioral rescue experiments which CRG
was over-expressed driven by motoneuron-specific
OK6-Gal4 line or muscle-specific G7-Gal4 line, respect-
ively, in the CRG null mutant background. The results
showed that defective phenotype of CRG-deficiency line
could be rescued by the pan-neuronal CRG restoration,
not by the peripheral CRG restoration. So CRG was sug-
gested to play central effects in this study.

Most lncRNAs were located in intergenic or intragenic/
intronic configurations with protein-coding genes (6,8,14).
We validated the full-length transcript of CRG using 50

and 30 RACE and northern blotting. To check the phylo-
genetic conservation of CRG, we annotated the genomes
of 12 Drosophila-related species. Strong conservation
among all the annotated genomes of the Drosophila
species suggested CRG may be a functional lncRNA. In
addition, CRG partially overlaps with the 30 UTR of the
adjacent upstream protein-coding gene CASK, but CRG
does not belong to 30 UTR-associated RNAs which are
contiguous with the upstream protein-coding region in the
same mRNA (42). First, CRG starts in but extends out of
the 30 UTR of CASK. Second, CRG and CASK were
transcribed separately. Third, the reduced CASK expres-
sion in CRGD1877 mutant could be rescued by
over-expression of WT CRG. Thus, CRG is independent
of CASK and not a CASK 30-UTR-derived ncRNA. As
for mammal species, such as Homo sapiens, Mus musculus
or Cattle genus, despite also host the gene CASK,
as homologues of CASK in D. melanogaster, they
share poor sequence similarity. Moreover, no EST
sequence similar to CRG was detected in Database of
Expressed Sequence Tags (dbEST) in NCBI using blast.
Thus, no similar phenomenon is detected in mammal
species.

CASK belonging to a conservative protein family from
Caenorhabditis elegans, Drosophila to mammal, is wildly
distributed in nervous system (23,24). As a scaffolding
protein, CASK interacts with other proteins suggesting
the diversity roles of CASK in neural activity, develop-
ment and neurological disease (43). In Drosophila,
CASK which is involved in locomotor behavior was con-
sidered as a susceptibility gene for movement disorder
(27,28). Both homozygous and heterozygous mutant of
CASK caused behavior defects in Buridan’s paradigm

(27) (Supplementary Figure S8). From our observations,
CRG mutants and CASK mutants share similar locomo-
tion defects. CASK over-expression rescued the defective
phenotype in the CRG-deficiency line, while CRG posi-
tively regulate CASK’s expression. Thus, it is highly
possible that CRG is involved in locomotor behavior by
regulating CASK expression, which provides a new insight
into the pathogenesis of neurological diseases associated
with movement disorders.
Increasing evidences suggested that lncRNA could

display the biological function by mediating the nearby
protein-coding genes in transcriptional regulation and
epigenetic gene regulation (6,11,14). In our study, we
found that CRG promoted the recruitment of RNA Pol
(II) to the CASK promoter regions to enhance
CASK transcription, and the detailed CRG functional
regions responsible for the process were identified, but
there are still several questions left open. For example,
the details about the transcription initiation complex
whether CRG recruit RNA Pol (II) by direct interaction,
whether CRG is involved in epigenetic regulation, are all
not clear. Further experiments are needed to explore
the regulation mechanism of CRG. Interestingly,
a previous study reported that a lncRNA could promote
the dissociation of the transcription initiation complex
from the neighboring DHFR promoter through the for-
mation of a complex between the lncRNA, the
DHFR promoter, and transcription factor IIB (44). The
different mechanisms through which ncRNAs exert their
regulatory effects highlight their functional diversity and
complexity.
To determine whether the expression of any other genes

is potentially regulated by CRG, we made a whole-body
comparison of genome-wide expression profile between
CRGD1877 mutants versus CRGWT flies using microarrays
and identified 491 genes down-regulated and 329 genes
up-regulated significantly in response to CRG mutants
(Supplementary Table S1). This has important implica-
tions for CRG which has wide-ranging effects on gene
expression in Drosophila. However, CASK, which
was experimentally identified to be essential target gene
of CRG regulating in Drosophila CNS in our study, was
not included in the down-regulated gene list
(Supplementary Table S2). The reason might be, in part,
owing to the relative low amount of neural-specific CASK
in the whole body of the two flies. It is worth noting tsl,
about 1 kb downstream of CRG, was significantly down
regulated in CRGD1877 mutants. However, CRGD1877 did
not show similar phenotypes as tsl mutants (45–47). It
indicated that CRG might regulate tsl in response to
other unknown function. The transcriptomic information
of CRG regulating leads to new questions about the nature
of CRG for further study in Drosophila.
In conclusion, our study suggests that the lncRNA

CRG recruits Pol (II) to CASK promoter regions,
which in turn promotes CASK expression and thereby
influences Drosophila locomotor behavior. Further
studies are needed to elucidate the detailed molecular
mechanisms of CRG-mediated regulation of CASK
expression.

Nucleic Acids Research, 2012, Vol. 40, No. 22 11725

http://nar.oxfordjournals.org/cgi/content/full/gks943/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks943/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks943/DC1


SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1–2 and Supplementary Figures
1–10.

ACKNOWLEDGEMENTS

We thank Dr Jean-Rene Martin for providing the UAS-
CASK flies, Dr Yongqing Zhang for providing the G7 and
OK6-Gal4 lines, Dr Wei Xie for providing the anti-CASK
antibody, and Hong Luo and Ying Liu for assistance with
in situ hybridization experiments. We acknowledge
Haiyun Gong, Tengfei Xiao and Xudong Zhao of the
IBP core facility centre for technical support. We also
thank Joy Fleming and Geir Skogerbø for valuable
comments on the manuscript.

FUNDING

Ministry of Science and Technology of China
[2009CB918702, 2009CB825400 and 2012CB825504];
National Natural Sciences Foundation of China
[31030037, 30921064 and 31070944]; Chinese Academy
of Sciences [GJHZ1005]. Funding for open access
charge: National Natural Sciences Foundation of China.

Conflict of interest statement. None declared.

REFERENCES

1. Birney,E., Stamatoyannopoulos,J.A., Dutta,A., Guigó,R.,
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