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In the neural circuit functional identities of individual neurons are mainly specified by their differential
gene expression patterns. Unveiling functional roles of each neuron requires cell-specific interrogation of
neural circuitry in the context of gene expressions. The mRNA tagging strategy in Caenorhabditis elegans is
a powerful technique, in which cell-specific transcripts can be isolated by co-immunoprecipitating the
complexes of mRNAs and epitope-tagged poly(A) binding protein (3� FLAG–PAB-1), expressed in target
neurons. However, the conventional protocol requires laborious and time-consuming procedures; chro-
mosomal integration of gene encoding 3� FLAG–PAB-1 and bleaching of obtained integrant animals for
the isolation of huge amounts of synchronized animals. In this paper, we have presented a simplified
methodology for cell-specific mRNA tagging analysis in C. elegans. We show that mRNA tagging was
achieved using transgenic animals expressing 3� FLAG–PAB-1 as an extrachromosomal array under
the control of the flp-18 promoter, without the chromosomal integration procedure. Furthermore, we
successfully isolated cell-specific mRNAs from adult transgenic animals synchronously grown from eggs
laid by gravid adults during a time window of 3 h. This simplification facilitates the implementation of
cell-specific gene expression analysis of C. elegans, which contributes to the understanding of neural
circuitry at a cell-specific resolution.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The mammalian nervous system is composed of a massive
number of neurons and their synaptic connections. Functional
identities of individual neurons are determined by their differen-
tial gene expression patterns, which enable brain functions ranging
from neural differentiation to memory formation. Therefore,
understanding functional roles of each neuron inevitably requires
cell-specific interrogations of gene expression changes in the
context of each brain function. However, this interrogation was
hampered by the complexity of the mammalian nervous system.

The nematode Caenorhabditis elegans is a genetically tractable
model animal with a compact nervous system consisting of only
302 neurons. The simplicity of C. elegans offers a unique opportunity
to express a gene of interest in a target neuron using a cell-specific
promoter. The mRNA tagging strategy in C. elegans is a powerful
technique that enables the identification of specific combinations
of genes that define the differentiation and function of specific
neurons[1–8]. In this approach, an epitope-tagged Poly(A) binding
protein (3� FLAG–PAB-1) is expressed transgenetically under the
control of a cell-specific promoter. 3� FLAG–PAB-1 bound tran-
scripts are then immunoprecipitated using an anti-FLAG antibody.
Gene expression profiles created by mRNA tagging have been
reported for almost all major tissues from neurons to body wall
muscles and intestines.

Despite the proven advantage of this technique, the conven-
tional protocol consists of two laborious and time-consuming pro-
cedures. First, 3� FLAG–PAB-1, carried as an extrachromosomal
array must be integrated into the chromosomes in order to stably
express them under the control of a cell-specific promoter. This
integration requires a subsequent outcross procedure using
wild-type N2. Second, to prepare a large amount of synchronized
animals and obtain a sufficient amount of mRNAs for subsequent
quantitative PCR analysis or microarray analysis, integrant animals
cultivated on six 150-mm Petri plates have previous been alkaline
bleached [6]. Alternatively, obtained integrant animals could be
grown in liquid culture [1,2]. However, these preparations
appeared to be laborious and limited in practice when the mRNA
tagging technique was applied to compare the differences in gene
expression between animals cultivated in different environmental

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.05.124&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.05.124
mailto:tsugi@icems.kyoto-u.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2014.05.124
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


T. Sugi, Y. Ohtani / Biochemical and Biophysical Research Communications 450 (2014) 330–334 331
conditions, because C. elegans was usually cultivated on a 60-mm
Petri plate for behavioral conditioning in chemotaxis, thermotaxis,
and mechanosensory behavior.

In this study, we developed a simplified methodology for mRNA
tagging. We have proved that mRNA tagging can be carried out
using the extrachromosomal line instead of the integrant line. In
addition, cell-specific mRNAs were successfully isolated from adult
transgenic animals semi-synchronously grown from eggs laid by
gravid adults during a time window of 3 h. The ease of implemen-
tation of cell-specific gene expression analysis contributes to
efficient interrogations of neural circuitry in terms of gene expres-
sion regulations.
Fig. 1. Overview of the simplified mRNA tagging method. Step 1, germline
transformations were performed to create the worms expressing 3� FLAG–PAB-1
cDNA under flp-18 promoter and GFP cDNA under ges-1 promoter as a visible
selection marker. Step 2, extrachromosomal array-carrying worms were fixed in
formaldehyde to crosslink the PAB-1 and poly(A) RNA. Step 3, immunoprecipitation
was conducted using anti-FLAG antibody. Step 4, crosslinks were reversed and RNA
was purified.
2. Material and methods

2.1. Strain preparation

The C. elegans, wild-type N2 Bristol strain used in this study was
maintained and handled using standard methods [9,10]. We used
the wild-type N2 Bristol strain. Germline transformations were per-
formed using co-injection mixes consisting of pKDK66 ges-1p::NLS
GFP (50 ng/ll) and the gene for expressing 3� FLAG–PAB-1 under
the flp-18 promoter (50 ng/ll).

2.2. Molecular biology

PCR was conducted to amplify the 3� FLAG–PAB-1 cDNA frag-
ment flanked by Acc65I and AgeI restriction enzyme sites from
pSV15 (a gift from the Miller lab). This amplicon was subcloned
into the HincII-digested pBluescript KS (�) vector (Addgene). The
vector was then digested by Acc65I and AgeI. The resulting 3�
FLAG–PAB-1 fragment was ligated into the pTAK50 vector that
contains the 4.5 kb PCR-amplified flp-18 promoter. The resulting
plasmid (pTAK75) vector was injected into wild-type worms to
obtain the transgenic worm that carries 3� FLAG–PAB-1 as an
extrachromosomal array.

2.3. Simplified mRNA tagging

14 extrachromosomal array-carrying worms were deposited on
each of the 10 NGM plates and cultivated at 20 �C. After 3 h, the
deposited postnatal day 0 (P0) worms were removed from each
plate to segregate F1 progeny. The F1 progeny were synchronously
grown to the adult stage and washed off the plates with the M9
buffer (22-mM KH2PO4, 34-mM K2HPO4, 86-mM NaCl, 1-mM
MgSO4). The collected worms were dispensed into six 1.5-ml
microtubes. The worms were then fixed in 0.5% formaldehyde in
1.0-ml of M9 buffer for 20 min at 20 �C. The formaldehyde was
inactivated by 125-mM glycine for 5 min and washed out by
replacing the buffer with four changes of TBS (20-mM Tris–HCl
pH7.5, 150-mM NaCl). The supernatant was removed, and the
weight of the obtained worms was measured. At this point, the
weight of worms should be 30–40-lg. The worms were snap fro-
zen in liquid nitrogen and stored for future use.

The worms were resuspended in 500-ll of homogenization buf-
fer [50-mM HEPES pH 7.3, 150-mM NaCl, 1-mM EDTA, 10% Glycerol,
0.5% Igepal CA630, 0.6 mg/ml Heparin, 1-mM DTT, 0.2-mM PMSF,
Complete mini (Roche), 50 U/ml RNase inhibitor (Takara)] and rap-
idly lysed by 30 passes on a Wheaten homogenizer. Large debris was
sedimented by centrifugation at 18,000g for 20 min at 4 �C, and the
supernatant was placed on ice. Debris was subjected to one more
lysis, and the two supernatants were combined. The volume of the
lysate was roughly adjusted to 1-ml and incubated with 30-ll of
anti-FLAG M2 affinity gel beads (Sigma–Aldrich) for 2 h at 4 �C.
The affinity beads were sedimented by centrifugation at 400g for
1 min at 4 �C, and 1-ml of lysis buffer [50-mM HEPES pH 7.3, 150-
mM NaCl, 1-mM EDTA, 10% Glycerol, 0.2-mM PMSF, 0.5% Igepal
CA630, 0.6 mg/ml Heparin] was added to the precipitated beads in
the 1.5-ml microtube. This microtube was set on the rotator, and
beads were washed for 16 h at 4 �C. Then, affinity beads were
washed twice (for 30 min and 10 min) with lysis buffer, and for
10 min with wash buffer [50-mM HEPES pH 7.3, 250-mM NaCl,
1-mM EDTA, 10% Glycerol, 1-mM DTT, 0.5% Igepal CA630]. The
RNA–protein crosslinks were reversed by incubating the beads in
100-ll of elution buffer [50-mM Tris–HCl pH 7.5, 1% SDS, 1-mM
EDTA] for 30 min at 65 �C. This elution procedure was conducted
twice, and the two supernatants containing RNA were combined.
The resulting nucleic acid extracts were purified with the RNeasy
minelute cleanup kit (Qiagen), in which mRNAs were eluted using
14-ll of DEPC-treated water.

2.4. Western blotting analysis

The sample solution obtained in each step of the mRNA tagging
procedure (Fig. 2) was mixed with 4� SDS sample buffer (Life
Technologies) and 10� sample-reducing agent (Life Technologies),
and this mixture was boiled at 95 �C for 3 min. At this point, the
lysate could be flash frozen and stored for future use. Worm
extracts were resolved by SDS–PAGE using NuPAGE 4–12% Bis-Tris
Gel (Life Technologies) and transferred to nitrocellulose mem-
branes. The membranes were incubated with monoclonal anti-
FLAG M2 peroxidase antibody produced in mice (Sigma–Aldrich).
This antibody was visualized using ECL Prime (GE Healthcare).

2.5. Quantitative real-time PCR analysis

Reverse transcription and quantification of the PCR products
was performed by using a SuperScript III Platinum SYBR Green
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Fig. 2. Immunoprecipitation of RNA–PAB-1 complex. (A) Flow-chart of immuno-
precipitation. In the step indicated by magenta letters, samples were checked by
Western blotting analysis. (B) Immunoblotting analysis. Elute 1 and 2 were mixed
before q-PCR analysis.
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One-Step qRT-PCR kit (Life Technologies) and a StepOne Real-Time
PCR System (Life Technologies). The isolated mRNAs were tran-
scribed and amplified using primers specific to the genes, all of
which were designed to include one intron in the PCR product
amplified from the genomic DNA for each gene, such that the
length and melting point were different from the product ampli-
fied from the cDNA.

3. Results

To isolate mRNAs from an interneuron of the mechanosensory
neural circuit, we initially created the DNA plasmid, in which 3�
FLAG–PAB-1 cDNA is fused with the flp-18 promoter that drives
transgene expression mainly in AVA interneurons [11,12] (Fig. 1).
We then injected this plasmid into the N2 Bristol strain
(Fig. 1(1)) and obtained a transgenic line expressing 3� FLAG–
PAB-1 as an extrachromosomal array.

The mRNA tagging procedures were applied not only to the
transgenic strain expressing 3� FLAG–PAB-1 but also to wild-type
strains, which do not express PAB-1, as a negative control. To
obtain synchronized worms, we performed a timed egg lay, in
which eggs laid by gravid adult worms during a 3 h time window
were synchronously grown to the adult phase. As mentioned
above, this procedure is an alternative to the alkaline bleaching
procedure. On the first day, 14 extrachromosomal array-carrying
worms (or 10 wild-type worms for a negative control experiment)
were deposited on each of 10 NGM plates and cultivated at 20 �C.
After 3 h, the deposited postnatal day 0 (P0) worms were removed
from each plate to segregate F1 progeny. The F1 progeny were
grown to the adult stage and then fixed in 0.5% formaldehyde in
M9 buffer for 20 min.

The procedure after fixation is illustrated as a flow-chart in
Fig. 2. Worms were collected and lysed by 30 passes on a Wheaten
homogenizer. As shown in Fig. 2B (sup. 1 and sup. 2), immunoblot-
ting analysis using anti-FLAG antibody revealed that the homoge-
nization efficiently yields the 3� FLAG–PAB-1 in the supernatant
fraction. This 3� FLAG–PAB-1 complex was incubated with anti-
FLAG M2 agarose beads for 2 h. The 3� FLAG–PAB-1 bound agarose
beads were washed and incubated with the elution buffer to
reverse the formaldehyde crosslink. We could clearly detect the
eluted 3� FLAG–PAB-1 complex by immunoblotting analysis. We
finally purified the mRNA using the commercially available purifi-
cation kit.

We then examined mRNAs, known to be expressed specifically
in the AVA interneurons to study their enrichment by our simpli-
fied strategy compared with total RNAs. Quantitative polymerase
chain reaction (q-PCR) analysis was performed against total RNA
isolated from wild-type strains and mRNAs isolated from wild-type
strains and transgenic strains carrying 3� FLAG–PAB-1 as an extra-
chromosomal array by mRNA tagging. We used the primers for the
amplification of the genes that were expressed specifically in AVA
interneurons or in other neurons (Fig. 3A). The enrichment of glr-1
and rig-3, both of which are expressed in AVA neurons, and of
gcy-7, which is expressed in ASE neurons, were calculated against
acr-5, which is expressed in B-type motor neurons [1,2,13–16].
This value is defined as the enrichment factor in Fig. 3B. At this
point, we avoided calculation of the enrichment factor based on
the amount of mRNAs of house keeping genes, taking into account
the possibility that the amount of those mRNAs may be different
between AVA neurons and other cells.

As shown in Fig. 3B, the enrichment factor for the glr-1 tran-
script in RNA isolated from wild-type strains and transgenic strains
were 1.2 and 6.7, respectively. Furthermore, the enrichment factor
for rig-3 in RNA isolated from wild-type and transgenic strains
were 1.0 and 2.8, respectively. Thus, the enrichment factor for
glr-1 and rig-3 indicated that these transcripts were enriched by
our simplified mRNA tagging method. On the other hand, the
enrichment factors of gcy-7 were not determined due to the small
amount of its transcripts in RNA isolated from wild-type and 0.89
in transgenic strains, respectively, indicating that transcripts of
gcy-7 were washed out by mRNA tagging. Taken together, our
method could efficiently enrich transcripts in AVA interneurons.

4. Discussion

The advantages in simplicity for cell-specifically isolating tran-
scripts likely contribute to cell-specific interrogation of neural cir-
cuitry in the context of gene expressions. On the other hand, this
simplification, in comparison to previous studies, has the disad-
vantage that the total amounts of mRNA isolated by mRNA tagging
cannot be measured before q-PCR analysis. In the method
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Fig. 3. Validation of the simplified mRNA tagging method. (A) List of the genes whose transcripts were detected by q-PCR analysis. The expression pattern for each gene is
indicated. (B) q-PCR analysis of transcripts isolated by simplified mRNA tagging. The enrichments of glr-1 and rig-3, both of which are expressed in AVA neurons, and of gcy-7,
which is expressed in ASE neurons, were calculated against acr-5, which is expressed in B-type motor neurons. q-PCR analysis for each gene was performed at least three
times. Error bars indicate SEMs. Statistical comparisons were performed by t-tests. Asterisks indicate P < 0.01, where P is the probability. ND indicates not detected.
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described in this paper, the quantity of mRNAs was insufficient for
determining concentration using Nanodrop. However, given the
sensitivity of the recently developed gene amplification technol-
ogy, the quantification of cell-specific transcripts isolated by the
mRNA tagging strategy does not necessarily require the measure-
ment of the total amounts of RNA. We successfully amplified tran-
scripts using the qRT-PCR kit that combines SuperScript III reverse
transcriptase and Platinum Taq DNA polymerase. Furthermore, the
recently developed WT-Ovation Pico System could amplify only
2 ng of RNA to produce labeled cDNA for microarray analysis
[5,17]. Therefore, although the simplified mRNA tagging did not
produce large amounts of RNA, the amount produced was suffi-
cient for the subsequent quantitative gene expression analysis.

In previous studies, the mRNA tagging strategy had been used
to compare the transcriptional profile of different cells. These
analyses succeeded in identifying cell type specific genes and
genes differently expressed through development and differentia-
tion. On the other hand, although gene expression changes also
occur during memory formation, the mRNA tagging strategy has
not been applied to investigate the temporal expression pattern
over a memory acquisition process. Interestingly, several previous
studies identified the neural site of behavioral plasticity in the par-
adigm of mechanosensory habituation and thermotaxis. Indeed, it
has been known that the C. elegans ortholog of the transcription
factor cAMP responsive element binding protein CREB acts in the
identified site to ensure memory formation [18,19]. Therefore, it
may be interesting to investigate gene expression changes in those
sites by cell-specific mRNA tagging before and after mechanosen-
sory habituation training or cultivation temperature changes.
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