
The expression of ELK transcription factors in adult DRG: novel
isoforms, antisense transcripts and upregulation by nerve
damage

Niall Kerra, Alexander Pintzasb,1, Fiona Holmesa, Sally-Ann Hobsona, Robert Popea, Mark
Wallacea, Christine Wasylykb, Bohdan Wasylykb, and David Wynicka,*
a Departments of Physiology and Pharmacology, and Clinical Sciences South Bristol, School of
Medical Sciences, University of Bristol, Bristol, BS8 1TD, UK
b Institut de Génétique et de Biologie Moléculaire et Cellulaire, CNRS, INSERM, UDS, 67404 Illkirch
Cedex, France

Abstract
ELK transcription factors are expressed in brain, but it is unknown whether they are expressed in the
peripheral nervous system. We show by RT-PCR that the previously described Elk1, Elk3/Elk3b/
Elk3c and Elk4 mRNAs are expressed in adult dorsal root ganglia (DRG), together with the novel
alternatively spliced isoforms Elk1b, Elk3d and Elk4c/Elk4d/Elk4e. These isoforms are also
expressed in brain, heart, kidney and testis. In contrast to Elk3 protein, the novel Elk3d isoform is
cytoplasmic, fails to bind ETS binding sites and yet can activate transcription by an indirect
mechanism. The Elk3 and Elk4 genes are overlapped by co-expressed Pctk2 and Mfsd4 genes,
respectively, with the potential formation of Elk3/Pctaire2 and Elk4/Mfsd4 sense-antisense mRNA
heteroduplexes. After peripheral nerve injury the Elk3 mRNA isoforms are each upregulated ~2.3-
fold in DRG (P<0.005), whereas the natural antisense Pctaire2 isoforms show only a small increase
(21%, P<0.01) and Elk1 and Elk4 mRNAs are unchanged.

Keywords
Elk; Transcription factor; Dorsal root ganglia; Alternative splicing; Antisense mRNA; Axotomy

Introduction
The ETS (E twenty-six) family of transcription factors each contain an ETS domain of about
85 amino acids which can bind to a ~ 10-basepair sequence element with the highly conserved
central core sequence 5′-GGA(A/T)-3′ (Mo et al., 2000; Oikawa and Yamada, 2003; Shore and
Sharrocks, 1995). The family consists of 28/29 members in mouse and human, respectively,
which can be assigned into nine subfamilies on the basis of homology and domain content

*Corresponding author. Tel.: 44(0)117-3311417; Fax: 44(0)117-3312288. d.wynick@bristol.ac.uk. (D. Wynick).
1Present address: Laboratory of Signal Mediated Gene Expression, Institute of Biological Research and Biotechnology, National Hellenic
Research Foundation, 48, Vas. Constantinou Avenue, 116 35 Athens, Greece.
The nucleotide sequences reported in this paper were submitted to the EMBL and GenBank™ databases with Accession Numbers
FN434115 – FN434128.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Mol Cell Neurosci. Author manuscript; available in PMC 2011 June 1.

Published in final edited form as:
Mol Cell Neurosci. 2010 June ; 44(2): 165–177. doi:10.1016/j.mcn.2010.03.005.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Kobberup et al., 2007). For example, members of the ELK (ETS-like) subfamily contain an
N-terminal ETS DNA-binding domain and a B-box domain that allows the formation of a
ternary complex with serum response factor (SRF) dimer, and so are also referred to as ternary
complex factors (Buchwalter et al., 2004). The ELK subfamily comprises of the three proteins
Elk1, Elk3 (also called Net, Erp or Sap2) and Elk4 (also called Sap1) (Buchwalter et al.,
2004; Kobberup et al., 2007), which can have different potential protein-protein interactions
(Buchwalter et al., 2004; Ducret et al., 1999; Ducret et al., 2000; Fitzsimmons et al., 1996;
Maira et al., 1996), can respond differently to mitogen-activated protein (MAP) kinase
signalling pathways (Buchwalter et al., 2004; Ducret et al., 2000), and Elk1 and Elk4 are known
to have similar but distinct extended DNA-binding site sequence specificities (Mo et al.,
2000; Shore and Sharrocks, 1995; Treisman et al., 1992).

A number of ETS-family transcription factors are expressed within the central nervous system
(CNS; reviewed in (Oikawa and Yamada, 2003); (Hollenhorst et al., 2004; O’Leary et al.,
2005)), including Elk1 and Elk3 mRNAs in adult mouse brain and Elk4 mRNA in human brain
(Cesari et al., 2004; Giovane et al., 1994; Hollenhorst et al., 2004; Lopez et al., 1994; Price et
al., 1995), whereas little is known about their expression in adult sensory neurons within dorsal
root ganglia (DRG) of the peripheral nervous system (PNS; (Luo et al., 1999)). In contrast to
neurons of the adult mammalian CNS, those of the PNS are capable of axonal regeneration
following peripheral nerve transection (axotomy), and this is associated with altered gene
expression within the cell bodies of the DRG (reviewed in (Navarro et al., 2007)). For example,
the expression of neuropeptide galanin mRNA is upregulated around 80-fold in adult mouse
DRG following axotomy, and recently we have implicated an 18 basepair (bp) sequence within
the promoter/enhancer region as being critical for this response (Bacon et al., 2007; Kerr et al.,
2008). This sequence contains overlapping putative Ets, Stat and Smad transcription factor
binding sites (Bacon et al., 2007), without a nearby putative SRF binding site (CArG box).
Therefore, we were interested in which ETS-family transcription factors are expressed in adult
DRG.

In this study we focussed on expression of the ELK subfamily, as oligonucleotide microarrays
had shown us that Elk3 mRNA was potentially upregulated in adult mouse DRG following
axotomy (see below). We demonstrate that both known and novel ELK mRNA isoforms are
expressed in adult DRG and other tested tissues, together with natural antisense mRNAs to
Elk3 and Elk4. Alternative splicing of Elk3 mRNA results in protein isoforms with distinct
functional properties, and quantitative RT-PCR demonstrates that the different Elk3 mRNA
isoforms (but not Elk1 or Elk4) are upregulated after peripheral nerve injury.

Results
The expression of ELK mRNA isoforms in dorsal root ganglia (DRG)

We first investigated which ELK subfamily transcription factors and their isoforms are
expressed in adult mouse DRG. The genes encoding the ELK subfamily proteins Elk1, Elk3
and Elk4 each have a large exon 3 (respectively, 447, 801 and 870 nucleotides (nt)), within
which alternative splicing of Elk1 and Elk3 mRNAs is known to occur (Buchwalter et al.,
2004). Therefore, gene-specific primers were designed to span this exon, and in the cases of
Elk3 and Elk4 to prime from within this exon in order to accommodate the range of possible
RT-PCR product sizes.

An Elk1 mRNA product of the expected size and sequence (n = 10) was detected in adult mouse
DRG using primers to exons 2 and 4 (Fig. 1A), together with a minor, novel alternatively
spliced Elk1b isoform of 314 bp that results from the deletion of 355 nt from the 5′ end of exon
3 (n = 10). There was no evidence of a ~240 bp product equivalent to the previously described
human ΔElk1 mRNA which has a deletion of 429 nt from the 3′ end of the corresponding exon
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((Rao and Reddy, 1993); M25269). Of relevance to the studies below on Elk3 and Elk4, there
was no additional Elk1 product resulting from in-frame skipping of both exons 3 and 4 (that
correspond to the single exon 3 of Elk3/Elk4; NM_007922) using primers to exons 2 and 5
(data not shown).

In addition to full-length Elk3 mRNA, the two alternatively spliced isoforms Elk3b (Net-b)
and Elk3c (Net-c) have previously been described which have deletions of 326 or 457 nt within
exon 3 ((Giovane et al., 1997); NM_013508), as shown in Fig. 1B. Three RT-PCR products
of the expected sizes and sequences of Elk3, Elk3b and Elk3c (each n = 10) were detected in
adult DRG using primers designed to amplify from exon 3.1 to the junction of exons 4 and 5
(Fig. 1C, lane 3). However, using additional primers to amplify Elk3 exons 2 to 4 allowed the
detection of a novel Elk3d isoform (253 bp) under conditions in which the now much larger
full-length Elk3 product (1054 bp) was variably detected and the Elk3b and Elk3c isoforms
were no longer detected (Fig. 1C, lane 5, and data not shown). By DNA sequencing Elk3d was
shown to result from the in-frame skipping of the whole of exon 3 (n = 10; Fig. 1B). By
comparison to the Elk3 reference mRNA coding region (NM_013508) the sequenced clones
contained the same nine substitutions as found in another cDNA sequence (BC005686), of
which six also occur in the original cDNA sequences ((Giovane et al., 1994; Lopez et al.,
1994); see Table S1). These differences may be due to strain-specific polymorphisms.

Two human ELK4 (SAP-1) cDNAs have previously been isolated, SAP-1a and SAP-1b
(Dalton and Treisman, 1992), though SAP-1b expression was not apparent in eleven tested
human tissues (Price et al., 1995) and the sequence has a 3′-extended exon 3 or possible retained
intron sequence (NM_021795; NT_004487) that is not conserved in the corresponding mouse
genomic sequence. A single Elk4 product (n = 10) was detected in adult mouse DRG using
primers to exons 3 and 4 (Fig. 1D, lane 3), whereas primers to exons 2 and 4 detected the now
much larger Elk4 together with the novel major products Elk4c and Elk4d, and the barely
detected minor product Elk4e (Fig. 1D, lane 5; each product, n = 10). [These isoform
designations were used to avoid potential confusion with the human isoforms SAP-1a and
SAP-1b, recently termed ELK4 transcript variants ‘a’ and ‘b’.] As shown in Fig. 1E, the Elk4c
isoform results from the deletion of ~75% of exon 3 (647/870 nt) which causes a frameshift,
whereas the Elk4d isoform results from the in-frame skipping of the whole of exon 3 and so
corresponds to the Elk3d isoform discussed above. Finally, the minor Elk4e isoform results
from the in-frame deletion of ~90% of exon 3 (786/870 nt).

In summary, adult mouse DRG express the previously described Elk1, Elk3/Elk3b/Elk3c and
Elk4 mRNAs, and the novel Elk1b, Elk3d and Elk4c/Elk4d/Elk4e mRNA isoforms. Transcripts
corresponding to either the human ΔElk1 or ELK4/SAP-1 isoform SAP-1b were not detected,
and each of the novel Elk1, Elk3 and Elk4 mRNA isoforms results from alternative splicing
using canonical GT and AG dinucleotides at the 5′ and 3′ splice sites, respectively (Table S2).

The novel ELK mRNA isoforms are expressed in multiple tissues
The tissue distributions of mouse full-length Elk1 and Elk3 mRNAs vary between previous
reports (Giovane et al., 1994; Lopez et al., 1994; Rao et al., 1989) but taken together they
include expression in brain, heart, kidney and testis, as confirmed here, while the expression
of full-length Elk4 mRNA in these tissues (Fig. S1) is similar to human (Price et al., 1995). In
Fig. 2 we show that the novel Elk1b, Elk3d and Elk4c/Elk4d/Elk4e mRNA isoforms identified
in DRG are also expressed in adult brain, heart, kidney and testis. The identity of each RT-
PCR product was confirmed by sequencing and no products were detected in control reactions
using RNA which had not been reverse transcribed. Therefore, unlike some ‘DRG-specific’
genes such as the sodium channel Nav1.8/SNS (Akopian et al., 1996), the novel ELK mRNA
isoforms are expressed in each of the tested tissues.
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The predicted proteins encoded by the novel ELK mRNA isoforms
The Elk1, Elk3 and Elk4 proteins each include the five homologous domains A–D and F, as
detailed in the legend of Figure 3. Elk1 protein has a total of six designated domains (Fig. 3;
(Buchwalter et al., 2004;Yang et al., 2002)), whereas the frameshifted Elk1b mRNA encodes
a predicted protein of 10.0 kDa with only a truncated N-terminal DNA-binding domain (70/88
residues of domain A) joined to 16 amino acids with no significant similarity to other mouse
proteins.

By comparison to the eight designated domains of full-length Elk3 protein (Fig. 3; (Buchwalter
et al., 2004)), the predicted Elk3d protein of 16.1 kDa includes a truncated ETS DNA-binding
domain (69/87 residues of domain A) linked to most of the transcriptional activation domain
(44/58 residues of domain C) including the FXFP motif docking site (domain F) that is specific
for MAP kinases of the extracellular signal-regulated kinase (ERK) subfamily (Buchwalter et
al., 2004;Giovane et al., 1994;Jacobs et al., 1999).

Elk4 protein has six designated domains (Fig. 3; (Buchwalter et al., 2004;Stinson et al.,
2003)), whereas the predicted Elk4d protein of 15.8 kDa has a structure similar to that described
above for Elk3d, i.e. a truncated ETS DNA-binding domain (69/87 residues) linked to most of
the transcriptional activation domain (42/51 residues) including the FXFP motif docking site
(Buchwalter et al., 2004;Dalton and Treisman, 1992;Jacobs et al., 1999). By comparison to
Elk4d, the predicted Elk4e protein of 19.1 kDa includes an additional 28 amino acids (in
common with full-length Elk4) that results in a complete ETS DNA-binding domain (Fig. 3).
Finally, the frameshifted Elk4c mRNA encodes a predicted 20.3 kDa protein with an intact
ETS DNA-binding domain, but with a truncated SRF interaction domain (9/20 residues of
domain B; (Giovane et al., 1994)) joined to a sequence of 34 amino acids with no significant
similarity to other mouse proteins. Therefore, the predicted Elk4c and Elk4e proteins have
intact ETS DNA-binding domains, whereas this domain is truncated in the predicted Elk1b,
Elk3d and Elk4d proteins.

Elk3 protein expression and differences in subcellular localization between isoforms
We focussed on the expression of Elk3 protein since we had shown the mRNA to be upregulated
in DRG after peripheral nerve injury (see section below). An antiserum raised against the C-
terminal 25 residues of Elk3 has been shown previously to detect a protein doublet of ~50 kDa
and a band of >80 kDa in mouse NIH-3T3 fibroblasts transiently transfected with full-length
mouse Elk3 cDNA (Maira et al., 1996), and in tissues should also detect the predicted Elk3d
isoform of ~16 kDa but not the protein isoforms encoded by the frameshifted Elk3b or Elk3c
mRNAs which do not contain this epitope (see Fig. 1B).

In Western blots of whole-cell tissue lysates from adult brain, the major immunoreactive
proteins detected with affinity-purified antiserum had relative molecular weights (Mr) of
approximately 14, 50, 75 and 95 kDa (Fig. 4A). The bands of ~14 and ~50 kDa are consistent,
respectively, with the size of protein detected in COS-7 cells transfected with an Elk3d
expression vector (data not shown) and with full-length Elk3 (Giovane et al., 1997), while the
larger bands may correspond to the sumoylated conjugates of Elk3 detected in COS-7 cells
transfected with both Elk3 and SUMO-1 cDNAs (Wasylyk et al., 2005). In adult heart, an
additional band of ~29 kDa of unknown identity was also detected (Fig. 4A). Western blot
analysis of Elk3 from DRG was not performed due to the small size of mouse ganglia, which
would require the sacrifice and dissection of ~35 animals.

To address the possibility of differences in intracellular localization between Elk3 and Elk3d
proteins, COS-7 cells were transiently transfected with the corresponding expression vectors.
Elk3 was localized mainly in the nucleus with a minor detectable amount in the cytoplasm

Kerr et al. Page 4

Mol Cell Neurosci. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Fig. 4B) whereas Elk3d was predominantly cytoplasmic (Fig. 4C). This cytoplasmic
localization was observed in several cell types expressing different levels of Elk3d protein
(data not shown). The affinity-purified antiserum specifically detected the introduced proteins,
since there was no signal with the non-expressing cells in the transfected cell population (Fig.
4), with non-transfected cells or with pre-immune sera (data not shown). In summary, we
provide evidence of Elk3 and Elk3d protein expression in brain and heart, and have shown that
the two proteins appear to have different subcellular localizations.

Elk3d protein does not form complexes with DNA containing an ETS binding site
Unlike full-length Elk3 protein, the predicted Elk3d isoform has a truncated ETS DNA-binding
domain (Fig. 3) and it was uncertain whether this would be sufficient for specific interaction
with DNA containing an ETS binding site. [35S]methionine-labelled Elk3d, full-length Elk3
and control proteins were each synthesized in rabbit reticulocyte lysates, resolved by SDS-
PAGE and quantified by PhosphorImager (Fig. 5A). Equimolar amounts of the in vitro
translated proteins were analyzed by mobility shift assay with the oligonucleotide probe PEA3*
that contains a strong binding site for ETS proteins. Elk3d did not form a detectable DNA
complex, in contrast to a number of ETS proteins with a range of affinities, such as full-length
Elk3, the c-Ets1 DNA-binding domain (N70), full-length c-Ets1 and v-Ets (Fig. 5B; (Giovane
et al., 1994;Wasylyk and Wasylyk, 1993)). Binding of Elk3d could not be detected in a wide
range of conditions, including different times of incubation, with various non-specific
inhibitors (poly dA-dT, poly dI-dC, salmon sperm DNA or no competitor) and with various
probe sequences (data not shown). These results suggest that the 18 amino acids of the ETS
domain that are deleted in Elk3d are critical for DNA-binding.

Elk3d activates transcription through ETS binding sites, which is antagonized by Elk3
Full-length Elk3 protein has previously been shown to inhibit transcription under basal (low-
serum) conditions (Giovane et al., 1994; Maira et al., 1996). By comparison to full-length Elk3
protein, the Elk3d isoform still includes most of the transcriptional activation domain, but lacks
the transcriptional inhibitory domains NID and CID (Fig. 3). The transcriptional properties of
Elk3d were investigated in transfection assays of NIH-3T3 cells using the PALx8 reporter that
contains 8 tandem repeats of a palindromic ETS binding site (Fig. 5C; (Maira et al., 1996;
Wasylyk et al., 1991)). This element is inactive in NIH-3T3 cells in the absence of introduced
ETS proteins (Fig. 5D, bars 1,5 vs. 9,13). Surprisingly, Elk3d specifically activated the PALx8
reporter (Fig. 5D, bars 6–8) whereas full-length Elk3 specifically inhibited the reporter (Fig.
5D, bars 2–4). The Elk3d and Elk3 proteins were expressed at similar levels in NIH-3T3 cells,
as detected by Western blotting (data not shown), and Elk3d did not bind to the ETS binding
sites of the PALx8 reporter in contrast to full-length Elk3 (data not shown and (Giovane et al.,
1994)). In addition, the transcriptional activation by Elk3d was inhibited by co-expression of
full-length Elk3 (Fig. 5E, bars 2–7). These results suggest that Elk3d activates transcription
through ETS binding sites by an indirect mechanism (see Discussion), and demonstrate that
alternative splicing of Elk3 mRNA produces different transcriptional regulators that have
opposing activities.

Multiple Pctaire2 mRNAs are expressed that are natural antisense transcripts to Elk3 mRNAs
We next focussed on the potential regulation of Elk3 at the mRNA level. The Elk3 gene is
located next to but on the opposite DNA strand from the Pctk2 gene that encodes Pctaire2, a
Cdc2-related serine/threonine protein kinase in which the amino acid sequence PCTAIRE
corresponds to the conserved PSTAIRE motif of the Cdc2 catalytic domain ((Meyerson et al.,
1992); genomic sequence NT_039500). Intriguingly, a bioinformatic study identified two
Pctaire2 cDNA sequences from mouse retina with a different 3′-untranslated region (3′-UTR)
sequence which overlaps the Elk3 transcription unit on the opposite DNA strand ((Katayama
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et al., 2005); BC031778; BC049904). To determine whether Elk3 and Pctaire2 mRNAs are
co-expressed in tissues, and so could potentially form sense-antisense heteroduplex mRNA,
primers were designed to amplify each of the two potential Pctaire2 mRNA isoforms. These
are referred to here as isoform Pctaire2a and Pctaire2b, that respectively either do not include
or do include Elk3-antisense sequence.

RT-PCR products of the expected size and sequence for both the Pctaire2a (501 bp) and
Pctaire2b (547 bp) isoforms were expressed in adult mouse DRG (each n = 10) and brain (each
n = 6) (Fig. 6A). The alternative splicing of Pctaire2 mRNA isoforms containing Elk3-antisense
sequence proved to be complex, as two novel products Pctaire2c (632 bp) and Pctaire 2d (745
bp) were also detected in brain (each n = 6) and, more faintly, in DRG (each n = 10) (Fig. 6A,
lanes 3 and 7). These result from the use of two newly recognized cassette exons, and each of
the four isoforms result from alternative splicing using canonical GT and AG dinucleotides
(Fig. 6B; Table S3). The Pctaire2b, Pctaire2c and Pctaire2d mRNA isoforms each include
sequence antisense to 316 nucleotides of Elk3 mRNA transcribed from within the exon 3.1
portion of exon 3 (Fig. 6C; nt sequence alignment in Fig. S2), and therefore would be expected
to affect expression of Elk3 (see Discussion).

Each of the four different Pctaire2 mRNA isoforms are also expressed in mouse heart, kidney
and testis (Fig. 6D and E, lanes 3–5), as confirmed for Pctaire2a and Pctaire2b by DNA
sequencing. By comparison to the predicted Pctaire2a protein sequence, the other three mRNA
isoforms encode a common protein in which the C-terminal 12 amino acids are replaced by
the sequence ALS encoded by exon 18 (Fig. 6B). These results demonstrate that Elk3 and
Pctaire2 mRNAs are co-expressed and subject to alternative mRNA splicing in multiple tissues,
with the potential for sense-antisense heteroduplex formation between Elk3/Elk3b/Elk3c and
Pctaire2b/Pctaire2c/Pctaire2d mRNA isoforms.

Multiple Mfsd4 mRNAs are expressed that are natural antisense transcripts to Elk4 mRNAs
Searches of a bioinformatic sense-antisense database (SADB) did not reveal a natural antisense
transcript to Elk1 mRNA, whereas the Elk4 gene is overlapped by the Mfsd4 (Major facilitator
superfamily domain containing 4) transcription unit on the opposite DNA strand. Little
information is available concerning Mfsd4, but there are two alternatively spliced reference
RNA sequences (isoforms ‘a’ and ‘b’) plus a single database cDNA sequence from mouse
normal colon with a different 3′-UTR (BC058790) that we will refer to as isoform ‘c’. It is part
of this different 3′-UTR that includes sequence antisense to Elk4 mRNA.

RT-PCR products of the expected sizes and sequences for mRNA isoforms Mfsd4a, Mfsd4b
and Mfsd4c were each expressed in adult mouse DRG (Fig. 7A, lanes 3, 5 and 7; each n = 10)
and brain (Fig. 7A, lanes 9, 11 and 13; each n = 6). A barely detected product of 288 bp in both
DRG and brain (Fig. 7A, lanes 5 and 11) that results from the skipping of most of exon 9 (Fig.
7B) is here designated as Mfsd4d, and each of the Mfsd4 isoforms result from alternative
splicing using canonical GT and AG dinucleotides (Table S4). The expression of both Elk4
and Mfsd4c mRNAs in DRG and brain predicts the potential for Elk4/Mfsd4c sense-antisense
interactions, between 84 nucleotides of Elk4 mRNA coding sequence and the Mfsd4c mRNA
3′-UTR (Fig. 7C; nt sequence alignment in Fig. S3). The Mfsd4c isoform is also expressed in
heart and kidney, though in testis a smaller, unrelated product was amplified (data not shown).

Other Mfsd4 isoforms could also be involved in sense-antisense interactions with the currently
uncloned portion of the Elk4 mRNA 3′-UTR (Fig. 7C), as only 3.37 of the > 9.5 kilobase (kb)
Elk4 transcript had been cloned (NM_007923; (Giovane et al., 1994)). Using RT-PCR we
cloned a 1369 bp product from DRG and heart that overlaps the available Elk4 and Mfsd4a
mRNA sequences by > 220 nt (Figs. 7C and S4; data not shown). Therefore, Elk4 and Mfsd4
mRNAs are co-expressed in multiple tissues, resulting in the potential for sense-antisense
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interactions between the Mfsd4a or Mfsd4c mRNA isoforms and different sites common to
each of the four Elk4 transcripts (Figs. 7C and 1E).

The Mfsd4a and Mfsd4c mRNA isoforms encode the same predicted protein with a Major
Facilitator Superfamily domain (MFS; (Finn et al., 2008)) and twelve predicted transmembrane
segments ((Moller et al., 2001; Siintola et al., 2007); Fig. S5). MFS proteins transport small
solutes by using chemiosmotic ion gradients (Pao et al., 1998), and although the substrate-
specificity of Mfsd4 is not yet known, it is most closely related to sodium-dependent glucose
transporter 1 (NP_001106856; rat NaGLT1 (Horiba et al., 2003)).

The effect of peripheral nerve injury on ELK and Pctaire2 mRNA expression
In preliminary experiments using oligonucleotide microarrays we had noted an upregulation
of Elk3 mRNA by 2.66- or 1.56-fold in mouse lumbar DRG seven days after peripheral nerve
transection (axotomy) of the sciatic nerve. The sequences of both oligonucleotide clusters on
the microarrays were antisense to the Elk3 mRNA 3′-UTR, and therefore could detect each of
the four isoforms. In contrast, the Elk1 hybridization signals were low and Elk4 was not present
on the microarrays (Affymetrix mouse 430 2.0 array).

In order to validate and extend these results, real-time quantitative RT-PCR assays were
designed to discriminate specifically between the Elk3/Elk3b, Elk3c and Elk3d mRNA
isoforms (see Experimental methods). Expression levels were normalized to GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) mRNA, which is unchanged following
peripheral nerve injury ((Kerr et al., 2008) and references therein). Seven days after axotomy,
the expression of Elk3/Elk3b mRNAs increased by 2.51 - fold (P<0.005), Elk3c mRNA
increased by 1.63 - fold (P<0.005) and Elk3d mRNA increased by 2.77 - fold (P<0.005) in
injured compared to uninjured lumbar L4 and L5 DRG (Fig. 8). In the Elk3/Elk3b and Elk3d
assays, the threshold cycle values (Ct) at which fluorescence exceeded the threshold limit were
respectively 27.55 and 31.84 in uninjured DRG, whereas the less highly expressed Elk3c
mRNA (Fig. 1C; (Giovane et al., 1997)) had a Ct value of 35.24 which approaches the
sensitivity limits of the detection system (Applied Biosystems Application Note, 127AP05-03
available at http://www.appliedbiosystems.com).

Three additional quantitative RT-PCR assays were designed to detect (i) all three Pctaire2
mRNA isoforms that include sequence antisense to Elk3 mRNA (Pctaire2b/Pctaire2c/
Pctaire2d); (ii) both the full-length Elk1 and Elk1b mRNA isoforms; and (iii) all four Elk4
mRNA isoforms. There was a small but significant 21 % increase in Pctaire2b/Pctaire2c/
Pctaire2d mRNA expression after axotomy (P<0.01; Fig. 8), whereas the expressions of Elk1
and Elk4 mRNA isoforms were unchanged compared to uninjured DRG (respectively, 1.032
± 0.037 and 1.082 ± 0.036 of control; each n = 4, P>0.05). In summary, the Elk3/Elk3b, Elk3c
and Elk3d mRNAs increased by an average of 2.31-fold after axotomy and there was a small
increase in Pctaire2b/Pctaire2c/Pctaire2d mRNAs, indicating that they are part of the in vivo
response to peripheral nerve injury in DRG, unlike either Elk1 or Elk4 mRNAs.

Discussion
This study demonstrates that adult mouse DRG and other tested tissues express the previously
described Elk1, Elk3/Elk3b/Elk3c and Elk4 mRNAs, together with the novel alternatively
spliced isoforms Elk1b, Elk3d and Elk4c/Elk4d/Elk4e. The novel isoforms could not have been
detected in previous RT-PCR analyses, due to the relative positions of primers used (Galang
et al., 2004; Giovane et al., 1997; Hollenhorst et al., 2004; Kobberup et al., 2007; Sahin et al.,
2009), and are not conserved between different ELK factors except for the in-frame skipping
of the whole of exon 3 in Elk3d and Elk4d mRNAs (Fig. 1B and E). Among the five novel
isoforms, only the Elk1b transcript is a potential substrate for nonsense-mediated mRNA decay

Kerr et al. Page 7

Mol Cell Neurosci. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.appliedbiosystems.com


(NMD), due to a frameshift and resulting premature stop codon > 50–55 nt upstream from an
exon-exon junction, though NMD may be exploited as a form of post-transcriptional regulation
(McGlincy and Smith, 2008). Currently, no rat or human sequences corresponding to the novel
isoforms are present in mRNA databases, though the full extent of alternative splicing is far
from being fully characterized, as shown by the recently isolated ETS-family isoforms of Gabp-
α (FN545817) and ETS1 (Laitem et al., 2009).

Alternative splicing of ELK mRNAs results in multiple predicted proteins with different
domain structures (Fig. 3; (Giovane et al., 1997)). COS-7 cells transfected with Elk3 resulted
in localization predominantly to the nucleus, whereas Elk3d was predominantly cytoplasmic
(Fig. 4). By comparison to Elk3, the Elk3d isoform includes the nuclear export sequence located
within the ETS domain, but lacks the two characterized nuclear localization signals and the
domain J that is necessary for nuclear export in response to stress signals (Ducret et al.,
1999;Ducret et al., 2000). As Elk3d protein has no unique epitope, it will be of interest in the
future to characterize which classes of DRG neurons express Elk3 or Elk3d mRNAs by single-
cell RT-PCR.

The ETS DNA-binding domain is composed of three α-helices and a four-stranded antiparallel
β-sheet, arranged in the order α1-β1-β2-α2-α3-β3-β4, which form a winged helix-turn-helix
(wHTH) topology. All amino acids that make base-specific contacts occur within the α3 DNA-
recognition helix, while backbone contacts to opposite DNA strands are made by the loop
between the β3 and β4 strands (the ‘wing’) and by the α2 helix and proceeding loop (the ‘turn’
of HTH) (Mo et al., 1998; Mo et al., 2000). Similar secondary structures are predicted for five
examples of the ETS-family using the programme PSIPRED (Elk1, Elk3, Elk4, Erg and Ets1;
(Bryson et al., 2005)). In contrast, Elk3d lacks predicted structures corresponding to β3 and
β4 strands, and this lack of a β3-loop-β4 winged segment is most likely responsible for Elk3d
not binding to the oligonucleotide probe PEA3* (Fig. 5B). Of the other novel isoforms, Elk1b
and Elk4d lack predicted structures corresponding to a β4 strand (Bryson et al., 2005), whereas
Elk4c and Elk4e have intact ETS DNA-binding domains (Fig. 3). A truncation mutant of Elk4
equivalent to isoform Elk4c has been shown to bind specifically to ETS binding sites (Treisman
et al., 1992), but the lack of a transactivation domain suggests that Elk4c may act as dominant
negative inhibitor of activation to potentially interfere with multiple ETS-family factors
(Giovane et al., 1997; Hever et al., 2003; Laitem et al., 2009).

Elk3, Elk3b and Elk3c have previously been shown to inhibit transcription from the PALx8
reporter when tested in NIH-3T3 cells under basal (low-serum) conditions (Giovane et al.,
1994; Giovane et al., 1997; Maira et al., 1996). In contrast, human ELK1 activated transcription
(Giovane et al., 1994; Maira et al., 1996) and ELK4 was essentially inactive (Maira et al.,
1996). Here we show that despite not binding directly to the PALx8 reporter, Elk3d activated
transcription which was inhibited by co-expression of Elk3 (Fig. 5D and E). The cytoplasmic
localization of Elk3d argues for the activation resulting from signalling downstream of
cytosolic Elk3d protein-protein interactions, with the inhibition of Elk3d-mediated
transactivation by Elk3 being reminiscent of its inhibition of Ets1-mediated transactivation
(Giovane et al., 1994). However, we cannot exclude the possibility that Elk3d is being recruited
indirectly to the ETS binding sites by endogenous ETS proteins expressed in NIH-3T3 cells
(Hever et al., 2003; Maira et al., 1996; O’Leary et al., 2005; Rodrigo et al., 1999). ELK1
proteins are known to interact via their transactivation domain (Gille et al., 1996), with amino
acids 375–399 being sufficient for this interaction (Yang et al., 1999), and the corresponding
Elk3 amino acids 351–389 are present in the Elk3d isoform (Fig. 3).

The truncated transactivation domain of Elk3d retains four of the five C-terminal Ser/Thr-Pro
motifs of Elk3 that are phosphorylated by MAP kinases (Thr337, Ser359, Ser365 and Ser398;
(Buchwalter et al., 2004)), the conserved Phe354Trp355 critical for transactivation (Price et al.,

Kerr et al. Page 8

Mol Cell Neurosci. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1995) and the FXFP motif (Fig. 3). Among vertebrate ETS proteins, only the ELK subfamily
include a conserved FXFP motif that is a docking site for activated but not unactivated MAP
kinases of the ERK subfamily (Jacobs et al., 1999; Lee et al., 2004b; Zhang et al., 2008). The
FXFP motif of ELK1 is critical for the phosphorylation by ERK2 of the nearby Ser383/Ser389

(Fantz et al., 2001; Jacobs et al., 1999; Zhang et al., 2008) which are required for transactivation
(Price et al., 1995), and phosphorylation of the corresponding Ser359/Ser365 of Elk3 (Ducret
et al., 2000) and Ser381/Ser387 of ELK4 (Price et al., 1995) have been shown to be particularly
important for efficient transactivation. ERK substrates can be localized to the nucleus or
cytoplasm (Yoon and Seger, 2006), and Elk3d protein is a putative substrate for ERK via the
FXFP motif, which can function independently of the domain D docking site for MAP kinases
(Fantz et al., 2001; Jacobs et al., 1999; Zhang et al., 2008) that is not present in Elk3d (Fig. 3).
The FXFP and four C-terminal Ser/Thr-Pro motifs are also retained in the novel Elk4d and
Elk4e proteins (Fig. 3; NP_031949).

The overlapping gene pairs Elk3/Pctk2 and Elk4/Mfsd4 are each co-expressed in the tested
tissues, resulting in potential Elk3/Pctaire2 and Elk4/Mfsd4 sense-antisense mRNA pairs (Figs.
6 and 7). [Note that the distinction between which pair member is the sense or antisense
transcript is arbitrary when both encode proteins (Beiter et al., 2009).] It will be of interest to
determine whether these sense-antisense (S/AS) pairs are conserved in human, especially as a
very short (focal) region of genome amplification in human chromosome 12q23.1 that only
contains the genes ELK3 and PCTK2 occurs at a significantly high frequency among 3131
cancer specimens ((Beroukhim et al., 2010); http://www.broadinstitute.org/tumorscape). A
large proportion of S/AS pairs are co-expressed (Ge et al., 2008;Katayama et al., 2005;Sun et
al., 2005) and bioinformatic studies have found many examples of exon-overlapping S/AS
pairs conserved between mouse and human (Numata et al., 2007;Numata et al., 2009;Okada
et al., 2008). This suggests that gene expression can be regulated by the formation of S/AS
perfectly complementary double-stranded RNA (dsRNA; (Numata et al., 2007;Sun et al.,
2005;Werner et al., 2009)), the latter being detectable by RNase protection assays (Munroe
and Zhu, 2006). S/AS pairing can result in RNA masking of regulatory elements within either
transcript, so inhibiting interaction with trans-acting factors (Beiter et al., 2009;Munroe and
Zhu, 2006), and there is evidence of the dsRNA region being processed into discrete, strand-
specific small RNAs of 17–30, 60 or 80 nucleotides (Carlile et al., 2008;Okada et al.,
2008;Watanabe et al., 2008). Such endogenous small interfering RNAs (endo-siRNAs) have
been implicated in RNA interference (Carlile et al., 2008;Watanabe et al., 2008;Werner et al.,
2009). Endo-siRNAs from mouse oocytes have been deep-sequenced, and when mapped on
the genome have localized to a number of clusters (‘small RNA clusters’), 17 of which were
predicted to result from S/AS pairing (Watanabe et al., 2008). Here we show that an additional
small RNA cluster includes at least 11 endo-siRNAs corresponding to Elk4 mRNA exon 5
sequence, to which the Mfsd4a and Mfsd4c antisense mRNAs are complementary (Table
S5;Fig. 7C; (Watanabe et al., 2008)).

There is no evidence from sense-antisense databases (SADB, NATsDB) of Elk1 mRNAs
overlapping another gene. On the mouse X chromosome the nearest gene located in an antisense
orientation is Timp1 (tissue inhibitor of metalloproteinase 1), which is a nested gene located
wholly within DNA complementary to intron 5 of the host gene Syn1 (synapsin I; (Derry and
Barnard, 1992; Gibson et al., 2005)), and exon-overlapping S/AS mRNA pairs are significantly
under-represented on the mouse and human X chromosomes (Katayama et al., 2005; Werner
et al., 2009).

Evidence for the differential induction or repression of individual ELK subfamily members
has been scarce. At the protein level, Elk3 has been shown to be downregulated by hypoxia,
unlike either Elk1 or Elk4, with mRNA levels being essentially unchanged (Gross et al.,
2007). Here we detected differential regulation at the mRNA level, with the induction of Elk3
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mRNA isoforms (Fig. 8), but not Elk1 or Elk4, in adult mouse DRG seven days after peripheral
axotomy. Following such injury the altered gene expression within the cell bodies of the DRG
is thought to promote neuronal survival and axonal regeneration (Navarro et al., 2007), though
which transcription factors co-ordinate this response is not well understood. c-JUN and ATF3
are known to be upregulated and promote axon regeneration (c-Jun) and neurite outgrowth
(ATF3; (Navarro et al., 2007)), whereas STAT3 is phosphorylated and activated (Lee et al.,
2004a; Navarro et al., 2007) and increases motoneuron survival (Schweizer et al., 2002). In
addition, using oligonucleotide arrays the DRG mRNAs with a > 2-fold change after sciatic
nerve axotomy included the transcription factors Sox11 (Additional File 2 of (Costigan et al.,
2002); AA030427 and W97408 of (Bonilla et al., 2002); (Tanabe et al., 2003)) and CREM
(Costigan et al., 2002), and the putative transcriptional modulator ANKRD1/CARP (U50736
of (Costigan et al., 2002); (Stam et al., 2007)), while the transcription factor Ddit3/Gadd153
was identified by serial analysis of gene expression (SAGE; (Mechaly et al., 2006)). The
inductions of mouse Sox11 and Ddit3/Gadd153 mRNAs have been validated (Mechaly et al.,
2006; Tanabe et al., 2003) and RNAi-mediated knockdown of Sox11 decreases neurite growth
(Jankowski et al., 2006). It will now be of interest to extend our findings by characterizing
whether the Elk3 isoforms that are expressed in DRG can differentially affect neuronal survival
and/or regeneration after nerve injury, especially given the potential for their interaction with
Erk1/2 which is activated in DRG cell bodies seven days after axotomy (Obata et al., 2003).

Experimental methods
Animals, surgery and tissue collection

All animals were fed standard chow and water ad libitum, and animal care procedures were
carried out in accordance with the U.K. Animals (Scientific Procedures) Act, 1986 and
associated guidelines. All reasonable efforts were made to minimize animal suffering and to
use the minimum number of animals necessary to perform statistically valid analyses. Lumbar
DRG and other tissues from adult (10–12 week old) male 129/OlaHsd mice (Bristol University
colony) were frozen on dry ice and stored at −80 °C. For studies on peripheral nerve transection
(axotomy), the right sciatic nerve of 10–14 week old male 129/OlaHsd mice were transected
at the mid-thigh level (Kerr et al., 2004), prior to killing 7 days later by cervical dislocation to
obtain ipsilateral (axotomized) and contralateral (control) lumbar L4 and L5 DRG pools each
from eleven animals.

Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA isolation, DNase treatment and re-extraction, and RT reactions were as published
(Kerr et al., 2004). Partial-length cDNAs were each amplified by RT-PCR using 5 μl RT
reaction (100 ng of total RNA equivalent), HPLC-purified primers (sequences detailed below)
and hot start DNA polymerase that included a proofreading enzyme (FastStart Taq DNA
polymerase, Roche) under the following conditions: 94 °C for 5 min, and 40 cycles of 94 °C,
30 sec; 66 °C, 45 sec; 72 °C, 45 sec; with a final 72 °C for 10 min (Kerr et al., 2004; Kerr et
al., 2008), except for extensions of 1 min 20 sec in the case of expected products of > 1 kb.
Products were excised from 3 % agarose gels, purified and TA-cloned into pCRII-TOPO
(Invitrogen) (Kerr et al., 2007), with DNA sequencing performed by Geneservice Ltd., Oxford
University.

The Elk1 primers F2 (5′-GCTTCTGAGAGAACAAGGTAATGGC-3′) and R2 (5′-
CTCAACTCTTCGGATTTCTGGTTTG-3′) correspond, respectively, to nt 234–258 and
902-878 and of the reference RNA sequence and span exons 2–4 (NM_007922). The Elk3
primers F6 (5′-CCCTGTGGAAGAAGTCAGGACTG-3′), R10 (5′-
GTGGGGAACTGGAAAA-GTGTGTTCG-3′), F2 (5′-
GCACTTGCTGCTGGACCAGAAAC-3′) and R9 (5′-
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TGGGGCGACCGGACTAAGACT-3′) correspond, respectively, to nt 932–954, 1549-1525,
446–468 and 1499-1479 of the reference RNA sequence (NM_013508), except for the
underlined nucleotides corresponding to the reverse complement of the T1490G and C1481T
substitutions found in all Elk3 sequenced clones (Table S1). The Elk3-F6/R10 and Elk3-F2/
R9 primer pairs span, respectively, exons 3.1 - 4/5 and exons 2–4 ((NM_013508; (Giovane et
al., 1997)), and primer Elk3-F6 avoids Pctaire2 antisense sequence (see text). The Elk4 primers
F2 (5′-CAGCTCCTGCAGGAGCCTCAGA-3′), F3 (5′-
GAAGAAACTATCCAAGCTTTGGAGAC-3′) and R3 (5′-
AGGGGCTCGGAGTCAGCAAGATG-3′) correspond, respectively, to nt 382–403, 994–
1019 and 1450-1428 of the reference RNA sequence (NM_007923). The Elk4-F2/R3 and Elk4-
F3/R3 primer pairs span, respectively, exons 2–4 and 3–4 (NM_007923).

Primers were designed to amplify Pctaire2 mRNA isoforms either not including (reference
RNA sequence NM_146239.2; ‘Pctaire2a’) or including Elk3-antisense sequence (BC031778;
BC049904; ‘Pctaire2b’). The Pctaire2 common forward primer F2 (5′-
TGCAAAAGGACCCGGGTTTTCGAA-3′) corresponds to nt 1844–1867 of NM_146239.2
and nt 1391–1414 of BC031778. The isoform-specific reverse primers R2 (5′-
CCTCCTTCCATGTCACTGGCTCA-3′) and R3 (5′-TGAGGAGAAACAGATGCGTT-
CACAT-3′) correspond, respectively, to nt 1937-1915 of BC031778 and nt 2344-2320 of
NM_146239.2. All sequenced Pctaire2a clones included the substitutions T1875C and A2174C
compared to NM_146239.2, and Pctaire2b clones included the substitutions T1422C, A1540G
and A1675G, plus the A-rich simple-sequence repeat C(A)4C(A)4C(A)8C(A)6C(A)8 rather
than C(A)4C(A)6C(A)4C(A)6C(A)10 of BC031778. (Note that the Pctaire2b substitutions
A1540G and A1675G correspond, respectively, to the reverse complements of the Elk3
substitutions T929C and T794C detailed in Table S1.)

Primers were designed to amplify the three different Mfsd4 mRNA isoforms:
‘a’ (NM_172510.4), ‘b’ (NM_001114662) and the cDNA sequence referred to here as
‘c’ (BC058790). The Mfsd4 common forward primer F2 (5′-CTCCAGTATAAAG/GTTGTG-
CGACCA-3′, where ‘/’ represents the exon 7/8 junction) corresponds to nt 1443–1467 of both
NM_172510.4 and NM_001114662, and to nt 1292–1316 of BC058790. The Mfsd4 isoform-
specific reverse primers R3 (5′-TTCTCTTCTGAGAGTGGATCTGTAG-3′), R4 (5′-TGCT-
CGATTTGTCCAGGGAAGACT-3′) and R1 (5′-AGGAGAGGTTAGGACTGGGTGCT-3′)
correspond, respectively, to nt 1953-1929 of NM_172510.4, nt 1827-1804 of NM_001114662
and nt 1722-1700 of BC058790. Primer R1 avoids Elk4 antisense sequence (see text).

The primers designed to extend the known sequence of the Elk4 mRNA 3′-UTR were Ufor1
(5′-TGAGTTAAAGGAGAAAAGCCATTGGT-3′), Urev1 (5′-CACTGCTCTGAG-
CCACGGTGCA-3′) and Urev2 (5′-GTTTATAGCCAGGTTGGGTGACAGAA-3′) that
correspond, respectively, to nt 3508–3533 of the reference RNA sequence (NM_007923) and
to the reverse complement of two downstream genomic DNA sequences (NT_078297).

Western blot analysis
Frozen tissue from adult male 129/OlaHsd mice (9 week old, Bristol University colony) was
ground and homogenized (Kerr et al., 2007) in ice-cold radio-immunoprecipitation assay
(RIPA) buffer including protease inhibitor cocktail (Sigma-Aldrich). Lysates were clarified by
centrifugation at 10,000 × g for 2 × 10 min at 4 °C, the supernatant protein concentration was
determined (Kerr et al., 2007), and aliquots of 100 μg whole cell lysate were separated by
discontinuous SDS-polyacrylamide gel electrophoresis (SDS-PAGE; (Hobson et al., 2006))
together with 12,000–225,000 Da full-range rainbow markers (Amersham Biosciences). The
resolved proteins were transferred to nitrocellulose membranes (Kerr et al., 2007), blocked,
incubated overnight at 4 °C in 1:2000 affinity-purified Net#1996 antiserum, and
immunoreactivity detected (Hobson et al., 2006). The rabbit anti-mouse Net#1996 antiserum
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was raised against the C-terminal 25 amino acids of Elk3/Net ((Gross et al., 2007); as was
PAb375 (Giovane et al., 1994; Maira et al., 1996), see below), and was purified through three
steps: caprylic acid, ammonium sulphate precipitation and immunoaffinity column
chromatography against the peptide (Harlow and Lane, 1988).

Recombinant plasmids
pTL2-Elk3d was constructed by inserting a XmaI-HindIII PCR fragment of Elk3d into the
corresponding sites of the expression vector pTL2 (pSG5-derived), followed by insertion into
the XhoI and EcoRI sites of the XhoI-EcoRI fragment from pTL2-Net (Giovane et al., 1994)
that corresponds to the 3′ end untranslated region of Elk3/Net. Sequences encoding the c-Ets1
DNA-binding domain (N70), c-Ets1 and v-Ets were as published (Wasylyk and Wasylyk,
1993).

Immunocytochemistry
COS-7 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10 % foetal calf serum (FCS) (Gross et al., 2007). Cells were plated with 1 ml medium
in plastic Leighton tubes and transfected 4 h later by the BBS calcium phosphate method
(Wasylyk et al., 2005) with 1 μg expression vector (pTL2-Net(Elk3) or pTL2-Elk3d) in 100
μl of BBS/Ca per tube. 14 h later the cells were washed and incubated for a further 24 h, washed
twice with PBS, fixed with methanol/acetone (2/1) for 30 min at −20 °C, and air-dried. A piece
of the coverslip was saturated with 3 % bovine serum albumin (BSA) in PBS for 40 min at 37
°C, washed twice with PBS, incubated with affinity-purified rabbit antiserum PAb375
((Giovane et al., 1994); diluted 1:1000 with PBS containing 0.3 % BSA) for 2 h at 37 °C,
washed 3 times with PBS for 10 min, incubated with secondary antibody (CY3-Fcγ, Jackson
ImmunoResearch Labs; diluted 1:250 in PBS containing 0.3 % BSA) for 1 h at 37 °C, washed
3 times for 10 min with PBS containing 0.02 % Tween 20, incubated for 2 min in Hoeschst
dye (2 μg/ml in PBS) and washed briefly with PBS. The coverslip piece was placed on a glass
slide, covered with Vectashield mounting medium and a coverslip, and examined by
fluorescence microscopy.

In vitro transcription and translation, and electrophoretic mobility shift assays
Linearized pTL2 expression vectors were purified and transcribed with T7 RNA polymerase
in the presence of m7GpppG for 1 h at 37 °C. RNA was analyzed by agarose gel electrophoresis,
with optimized amounts of purified RNA used for protein synthesis in rabbit reticulocyte
lysates (Promega) with [35S]-methionine that was then analyzed by SDS-PAGE (10 %
polyacrylamide) and fluorography (Amplify, GE Healthcare) (Giovane et al., 1994). Proteins
were quantified using a Phosphor-Imager (Fuji), taking into account the number of
methionines.

Equimolar amounts of proteins (1–5 μl, adjusted to a constant volume with mock extracts
incubated without added RNA) and an excess of PEA3* probe in 20 μl of buffer [20 mM Hepes
(pH 7.9), 20 % glycerol, 0.1 mM EDTA, 2.5 mM DTT, 1 μg/20μl of poly[d(I-C)], 50 mM KCl]
were incubated for 30 min at 25 °C. The samples were loaded on pre-run (20 min at 15 mA
(75 V)) 4 % polyacrylamide (acrylamide:bis, 29:1) gels in 0.25 x Tris-borate/EDTA (TBE)
and run for 60 min at 30 mA (150V) with recirculating buffer at 20 °C, similar to (Giovane et
al., 1994). The PEA3* oligonucleotide 5′-TCGAGC-CGGAAGTGACGTCGA-3′ ((Giovane
et al., 1994; Wasylyk and Wasylyk, 1993); ETS core consensus sequence underlined) and its
complementary oligonucleotide were each 5′-labelled with T4 polynucleotide kinase and
[α-32P]ATP, annealed overnight, and double-stranded blunt-ended probes were purified on
native 10 % polyacrylamide gels (Maira et al., 1996).
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Cell culture and transfection of reporters
NIH-3T3 cells were maintained in DMEM supplemented with 10 % FCS. Cells were
transfected (Maira et al., 1996) with 20 μg per 100 mm dish of plasmid DNA containing
expression vectors (pTL2-Net(Elk3) or pTL2-Elk3d; detailed above), 2.5 μg of reporter
(PALx8-TK-CAT4 or control pBL-CAT4; (Maira et al., 1996; Wasylyk et al., 1991)), 3 μg of
pSG5-lacZ (control for transfection efficiency) and completed with pSG5 (control for
expression vectors). 30 % confluent cells were incubated with precipitated DNA for 24 h,
washed three times with DMEM and then incubated with DMEM plus 0.05 % FCS for 24 h,
scraped, freeze-thawed three times in solution A, and centrifuged (Giovane et al., 1994;
Giovane et al., 1997). β-Galactosidase activity was measured first to correct for transfection
efficiency, and chloramphenicol acetyltransferase (CAT) assays were as published (Giovane
et al., 1994). For co-expression of Elk3 and Elk3d, the amounts of expression vectors used are
indicated in the relevant Figure. Experiments were repeated at least three times.

Real-time quantitative RT-PCR assays
Relative mRNA expression levels were derived by the comparative threshold cycle (Ct)
method, as previously described together with the GAPDH primer and probe set (Kerr et al.,
2007). Primer and probe set design used default parameters of Primer Express software, and
the probes detailed below had a 5′ fluorescent reporter dye FAM (6-carboxy-fluorescein) and
the 3′ quencher dye TAMRA (6-carboxy-tetramethyl-rhodamine) (Applied Biosystems).

Elk1 primers and probe to detect both the full-length Elk1 and Elk1b mRNA isoforms were
for products that crossed intron 4 of 0.5 kb (NM_007922; NT_039700): forward primer 5′-
TGCTCCCCACACATACCTTGA-3′, reverse primer 5′-GAAGGAGAGCTTGGCTG-
GACTAC-3′ and non-extendable Taqman probe 5′-CCCGGTGCTGCTGACACCCA-3′
correspond, respectively, to nt 1265–1285, 1383-1361 and 1287–1306 of the Elk1 reference
RNA sequence (NM_007922). The assay was optimized using plasmid containing cDNA insert
corresponding to nt 234–1383 of NM_007922 (data not shown).

Assays to discriminate between Elk3 mRNA isoforms used a common reverse primer 5′-
TGTGTTCGGCCCTTGCA-3′ and Taqman probe 5′-ACTGTTTCTGGCCTCGAG-
TCCGCTG-3′ that correspond, respectively, to nt 1532-1516 and 1430–1454 of the Elk3
reference RNA sequence (NM_013508). The isoform-specific forward primers to detect the
Elk3/Elk3b (Elk3full-F42; 5′-CCTTCTTCACCGCACAG/ACA-3′, where ‘/’ represents the
exon 3.3 to 4 junction), Elk3c (Elk3c-F20; 5′-TCAGGACTGTGATCAG/ACACCAA-3′,
where ‘/’ represents the exon 3.1 to 4 junction) or Elk3d (Elk3d-F37; 5′-
CTGAGATACTATTACGACAAG/ACACCAA-3′, where ‘/’ represents the exon 2 to 4
junction) transcripts correspond, respectively, to nt 1402–1421, (946–961 + 1419–1425) and
(597–617 + 1419–1425) of NM_013508. The isoform specificity of each assay was confirmed
using plasmids containing cDNA inserts of full-length Elk3 transcribed from exons 2–5 and
the corresponding Elk3b, Elk3c and Elk3d sequences amplified from adult heart using the
primers Elk3 F2 (see above) and R2 (nt 1570-1548 of NM_013508) (data not shown).

Elk4 primers and probe to detect all four mRNA isoforms were for products that crossed intron
4 of 4.09 kb (NT_078297): forward primer 5′-CCAGACTGCAAGGTGC-TAATACG-3′,
reverse primer 5′-TCCAGGCCTGACAGAGTGAAC-3′ and Taqman probe 5′-CAG/
TTTCCCTCTGTACTCAACAGTCATGGCC-3′ (where ‘/’ represents the exon 4/5 junction)
correspond, respectively, to nt 1508–1530, 1589-1569 and 1537–1567 of the Elk4 reference
RNA sequence (NM_007923). The assay was optimized using plasmid containing cDNA insert
corresponding to nt 1189–1590 of NM_007923 (data not shown).
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Pctaire2 primers and probe were targeted to exon 16 and 18 sequences in order to detect mRNA
isoforms ‘b’–‘d’, each of which also include Elk3-antisense sequence in the downstream exon
21 (Fig. 6B), and were for products that crossed intron16/exon17/intron17 of 2.64 kb
(NT_039500): forward primer 5′-GACCCGGGTTTTCGAAACTC-3′, reverse primer 5′-
AGGTTCAGTCTTTCCAAGTTTTAAGTCT-3′ and Taqman probe 5′-AG/
CCTTATCCTGATCCTGGAAACTGCAGA-3′ (where ‘/’ represents the exon 16/18
junction) correspond, respectively, to nt 1399–1418, 1494-1467 and 1434–1462 of the Pctaire2
cDNA sequence BC031778. The specificity of the assay for Pctaire2 mRNA isoforms ‘b’–‘d’,
but not isoform ‘a’, was confirmed using plasmids containing the corresponding cDNA inserts
(data not shown).

Each of the assays amplified a single product of the expected size from DRG, as detected by
gel electrophoresis on 4 % agarose gels (data not shown).

DNA and protein sequence analyses
Transcript, genomic and protein sequences were analyzed using BLAST programmes
(http://www.ncbi.nlm.nih.gov/), and the sense-antisense databases SADB ((Katayama et al.,
2005); http://fantom31p.gsc.riken.jp/s_as/) and NATsDB (http://natsdb.cbi.pku.edu.cn/) were
used. Protein molecular weights were calculated using the Protein Information Resource ((Wu
et al., 2003); http://pir.georgetown.edu); ETS family protein secondary structures were
predicted using PSIPRED version 2.6 ((Bryson et al., 2005);
http://bioinf.cs.ucl.ac.uk/psipred/); Mfsd4 sequences were analyzed using the Pfam protein
families database release 23.0 ((Finn et al., 2008); http://pfam.sanger.ac.uk) with membrane-
spanning regions predicted using the TMHMM version 2.0 programme ((Moller et al., 2001);
www.cbs.dtu.dk/services/TMHMM/TMHMM2.0b.guide.html).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The expression of Elk1, Elk3 and Elk4 mRNA isoforms in adult DRG. (A) RT-PCR analysis
showing expression of Elk1 (669 bp) and a minor, novel Elk1b isoform (314 bp; lane 3). In
each gel image, lane 1 is a 1 kb DNA marker (Invitrogen) showing bands of 1018, 517/506,
396, 344, 298, 220/201 and 154/134 bp; other odd-numbered lanes are RT-PCRs using reverse
transcribed RNA; and even-numbered lanes are corresponding reactions using RNA that had
not been reverse transcribed (RT-minus controls), in which products were not detected. (B)
Schematic diagram of the Elk3 gene with five exons (lengths in nt) and the transcribed full-
length Elk3 mRNA, Elk3b isoform with an internal relative deletion of 326 nt within exon 3
(Δ exon 3.2), Elk3c isoform with a relative deletion of the 3′ 457 nt of exon 3 (Δ exons 3.2 and
3.3) ((Giovane et al., 1997); FN434119, FN434120) and the novel Elk3d isoform (see Fig. 1C).
Coding regions are in gray, with those resulting from relative frameshifts shown in diagonal
bars. (C) Expression of full-length Elk3, Elk3b and Elk3c isoforms (618, 292 and 161 bp,
respectively) detected using primers to exons 3.1 and 4/5 (lane 3), whereas primers to exons 2
and 4 detected a novel Elk3d isoform (253 bp) under conditions in which the potential larger
isoforms (597–1054 bp) were no longer detected (lane 5). (D) Expression of Elk4 detected
using primers to exons 3 and 4 (457 bp; lane 3), whereas primers to exons 2 and 4 detected the
now-larger Elk4 (1069 bp) plus the novel, major products Elk4c and Elk4d (422 and 199 bp,
respectively) together with the minor product Elk4e (283bp; lane 5). (E) Schematic diagram
of the Elk4 gene with five exons and the transcribed full-length Elk4 mRNA, together with the
novel mRNA isoforms Elk4c, Elk4d and Elk4e (details as in (B)).
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Fig. 2.
The expression of novel ELK mRNA isoforms is not DRG-specific. (A) Expression of Elk1b
(314 bp) detected by RT-PCR in adult brain (lane 2), heart (lane 3), kidney (lane 4) and testis
(lane 5). (B) Expression of Elk3d (253 bp), and (C) expression of Elk4c (422 bp), Elk4d (199
bp) and Elk4e (283 bp) in the same tissue panel. In each case, primers were to exons 2 and 4,
and lane 1 is a 1 kb DNA marker with fragment sizes indicated in bp.
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Fig. 3.
The domain structures of the mouse Elk1, Elk3 and Elk4 novel protein isoforms. The Elk1,
Elk3 and Elk4 proteins each include the five homologous domains A–D and F that correspond
to the ETS DNA-binding domain (A); the serum response factor (SRF) interaction domain (B);
the transactivation domain (C); a docking site for MAP kinases (domain D); and the FXFP
motif docking site for MAP kinases (domain F). These are shown schematically along with
the Elk1-specific repression domain (R); the Net Inhibitory Domain (NID); and the Elk3-
specific CtBP Inhibition Domain (CID) and docking site for c-Jun N-terminal protein kinase
(JNK; domain J) (Buchwalter et al., 2004). The predicted proteins encoded by the novel ELK
mRNA isoforms are shown aligned to the full-length proteins, with unrelated sequences
resulting from frameshifts indicated by solid black boxes. The previously described Elk3b
(Net-b) and Elk3c (Net-c) proteins (Giovane et al., 1997) are not shown. Amino acid numbering
follows reference protein sequences (NP_031948; NP_038536; NP_031949), with domain
boundaries following previous reports (domains A, D, F and CID in Figs. 2 and 5 of
(Buchwalter et al., 2004)); B and C (Dalton and Treisman, 1992; Giovane et al., 1994); R
(Yang et al., 2002); NID (Maira et al., 1996; Stinson et al., 2003); and J (Ducret et al., 2000)).
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Fig. 4.
The expression of Elk3 proteins and differences in subcellular localization between isoforms.
(A) Western blots showing expression of proteins of the expected sizes for Elk3d (~14 kDa)
and full-length Elk3 (~50 kDa) in adult mouse brain and heart, together with a heart-specific
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band of unknown identity (~29 kDa). (B) COS-7 cells transfected with an Elk3 expression
vector expressed Elk3 immunoreactivity (red, left panel) that co-localized with Hoeschst
nuclear staining in the same field (blue, right panel). (C) COS-7 cells transfected with an Elk3d
expression vector expressed Elk3d immunoreactivity that is predominantly cytoplasmic (red,
left panel), as compared to Hoeschst nuclear staining in the same field (blue, right panel).
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Fig. 5.
The Elk3d protein does not form complexes with DNA containing ETS binding sites, but can
transactivate transcription through these sites. (A) ETS-family proteins labelled by in vitro
synthesis in reticulocyte lysates with [35S]-methionine. Arrowheads indicate the proteins of
expected size; RL, reticulocyte lysate incubated without added RNA; and N70, the c-Ets1
DNA-binding domain (Wasylyk and Wasylyk, 1993). (B) Mobility-shift assay of ETS-family
proteins with [32P]-labelled PEA3* probe that contains a strong ETS binding site. Equimolar
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amounts of Elk3d (lane 2), full-length Elk3 (lane 3), c-Ets1 DNA-binding domain (N70, lane
4), full-length c-Ets1 (lane 5), v-Ets (lane 6) or an equal volume of mock-incubated reticulocyte
lysate (lane 1) were analyzed, and note that Elk3d does not form a complex with PEA3* probe.
Specific complexes or excess free probe (F) are indicated by arrowheads. (C) Schematic
diagram of the transcriptional reporter PALx8-TK-CAT4 (PALx8), which contains eight
tandem repeats of the stromelysin-1 palindromic ETS binding site upstream from a thymidine
kinase (TK) promoter and CAT coding sequences of pBL-CAT4 (CAT4). (D) Elk3d activates
transcription. The transfections contained the reporters PALx8 (bars 1–8) or CAT4 (bars 9–
16) and the expression vectors pTL2-Net(Elk3) (1 μg, bars 2 and 10; 5 μg, bars 3 and 11; 10
μg, bars 4 and 12), pTL2-Elk3d (1 μg, bars 6 and 14; 5 μg, bars 7 and 15; 10 μg, bars 8 and
16) or control pSG5 (5 μg, bars 1, 5, 9 and 13). CAT activity is expressed in arbitrary units.
Data are shown as means ± S.E.; *** P<0.001 t-test versus control (bars 1, 5). (E)
Transcriptional activation by Elk3d is antagonized by Elk3. Transfections contained the
reporters PALx8 (bars 1–7) or CAT4 (bars 8–14) and the expression vectors pTL2-Elk3d (5
μg, bars 2–4, 9–11; 10 μg, bars 5–7, 12–14), pTL2-Net(Elk3) (5 μg, bars 3, 6, 10, 13; 10 μg,
bars 4, 7, 11, 14) or control pSG5 (bars 1,8). CAT activity is expressed in arbitrary units. Data
are shown as means ± S.E.; ** P<0.005 t-test versus no Elk3 addition (bar 2); # # # P<0.001
t-test versus no Elk3 addition (bar 5).
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Fig. 6.
The expression of multiple Pctaire2 mRNA isoforms that are natural antisense transcripts to
Elk3 mRNAs. (A) RT-PCR analysis showing expression of Pctaire2b (547 bp), Pctaire2c (632
bp) and Pctaire2d (745 bp) mRNA isoforms in adult DRG (lane 3) and brain (lane 7), together
with the expression of Pctaire2a (501 bp) in DRG (lane 5) and brain (lane 9). Lane designations
follow Fig. 1 legend, with marker fragment sizes of 1018 - 298 bp. (B) Schematic diagram of
the Pctk2 gene (3′ end) and the transcribed Pctaire2 mRNA isoforms. Exon numbering to 17
follows the reference RNA sequence (NM_146239.2) with downstream exons designated here
as 18 – 21, and coding regions are in gray. Note that the Pctaire2b, Pctaire2c and Pctaire2d
mRNA isoforms each include sequence that is antisense to 316 nucleotides of Elk3 mRNA
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(cross-hatched). (C) Schematic overview of the Elk3 and Pctk2 gene organizations in the region
of exon overlap (cross-hatched) responsible for potential Elk3/Pctaire2 sense-antisense mRNA
hybrids. Arrows indicate the general direction of gene transcription, with exons numbered (Fig.
6B and (Giovane et al., 1997)) and sized in nt, and coding regions in gray. (D) and (E)
Expression of Pctaire2a (D; 501 bp) and Pctaire2b/Pctaire2c/Pctaire2d (E; respectively, 547,
632 and 745 bp) mRNA isoforms detected by RT-PCR in adult brain (positive-control, lane
2), heart (lane 3), kidney (lane 4) and testis (lane 5), with marker fragment sizes indicated in
bp (lane 1).
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Fig. 7.
The expression of multiple Mfsd4 mRNA isoforms that are natural antisense transcript to Elk4
mRNAs. (A) RT-PCR analysis showing the expression of Mfsd4a (511 bp), Mfsd4b (386 bp)
and Mfsd4c (432 bp) mRNA isoforms in adult DRG (lanes 3, 5 and 7, respectively) and brain
(lanes 9, 11 and 13, respectively). The novel Mfsd4d isoform (288 bp) was barely detected in
DRG and brain (lanes 5 and 11, respectively). Lane designations follow Fig. 1 legend, with
marker fragment sizes indicated in bp. (B) Schematic diagram of the Mfsd4 gene (3′ end) and
the transcribed mRNA isoforms. Exon numbering to 12 follows the reference RNA sequences
(NM_172510, NM_001114662) with a different cDNA 3′-UTR sequence (BC058790)
designated as exon 13. Coding regions are in gray, with those resulting from frameshifts relative
to Mfsd4a shown in diagonal bars. Note that the Mfsd4c mRNA isoform includes sequence
that is antisense to 84 nt of Elk4 mRNA (cross-hatched). (C) Schematic overview of the
Elk4 and Mfsd4 gene organizations in the region of exon overlaps. Details are as Fig. 6C, with
the Elk4 terminal exon 5 of 2132 nt (NM_007923) incorporating a cDNA-derived extension
of 57 nt (AA472317), and indicated Elk4/Mfsd4c exon overlap (cross-hatched) and incomplete
3′-end exon sequences (dashed extensions). The relative position of a 1369 bp RT-PCR product
is shown, including sequences overlapping either Elk4 exon 5 (221 nt) or Mfsd4 exon 12 (252
nt; diagonal bars).

Kerr et al. Page 34

Mol Cell Neurosci. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
Induction of Elk3 and Pctaire2 mRNA isoforms in DRG following peripheral nerve injury. In
quantitative RT-PCR assays the expression of Elk3/Elk3b mRNAs increased to 2.514 ± 0.178
of control (n = 4; P=0.0034), Elk3c mRNA increased to 1.634 ± 0.081 of control (n = 4;
P=0.0044), Elk3d mRNA increased to 2.767 ± 0.226 of control (n = 4; P=0.0043) and
Pctaire2b/Pctaire2c/Pctaire2d mRNAs that include sequence antisense to Elk3 increased to
1.212 ± 0.031 of control (n = 4; P=0.0063) in pooled ipsilateral (axotomized) lumbar L4 and
L5 DRG compared with contralateral (unaxotomized) controls seven days after axotomy. Data
are shown as means ± S.E., in which expression after axotomy (filled boxes) was compared
with contralateral controls of 1.00 relative units (unfilled boxes), with statistical significance
of differences judged by one sample t-test (** P<0.005; * P<0.01).
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