


















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.
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