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Mariàngels de Planell-Saguer1,2, David G. Schroeder3, Maria Celina Rodicio2, Gregory A. Cox3

and Zissimos Mourelatos1,�

1Department of Pathology and Laboratory Medicine, Division of Neuropathology, University of Pennsylvania School of

Medicine, Philadelphia, PA 19104-6100, USA, 2Department of Cell Biology and Ecology, Faculty of Biology, University

of Santiago de Compostela, 15782 Santiago de Compostela, Spain and 3The Jackson Laboratory, 600 Main Street,

Bar Harbor, ME 04609, USA

Received March 4, 2009; Revised and Accepted March 17, 2009

The human motor neuron degenerative disease spinal muscular atrophy with respiratory distress type 1
(SMARD1) is caused by loss of function mutations of immunoglobulin m-binding protein 2 (IGHMBP2), a
protein of unknown function that contains DNA/RNA helicase and nucleic acid-binding domains. Reduced
IGHMBP2 protein levels in neuromuscular degeneration (nmd) mice, the mouse model of SMARD1, lead to
motor neuron degeneration. We report the biochemical characterization of IGHMBP2 and the isolation of a
modifier locus that rescues the phenotype and motor neuron degeneration of nmd mice. We find that a
166 kb BAC transgene derived from CAST/EiJ mice and containing tRNA genes and activator of basal tran-
scription 1 (Abt1), a protein-coding gene that is required for ribosome biogenesis, contains the genetic modi-
fier responsible for motor neuron rescue. Our biochemical investigations show that IGHMBP2 associates
physically with tRNAs and in particular with tRNATyr, which are present in the modifier and with the ABT1
protein. We find that transcription factor IIIC-220 kDa (TFIIIC220), an essential factor required for tRNA tran-
scription, and the helicases Reptin and Pontin, which function in transcription and in ribosome biogenesis,
are also part of IGHMBP2-containing complexes. Our findings strongly suggest that IGHMBP2 is a com-
ponent of the translational machinery and that these components can be manipulated genetically to suppress
motor neuron degeneration.

INTRODUCTION

Spinal muscular atrophy with respiratory distress type 1
(SMARD1) is an autosomal recessive neurodegenerative
disease (1,2). The disease is also known as distal spinal
muscular atrophy 1 (DSMA1, MIM no. 604320). The
primary pathology of SMARD1 consists of degeneration
of spinal cord motor neurons and axonal loss leading to
muscular atrophy (1,2). Diaphragmatic paralysis is one of
the earliest and most severe manifestations of the disease
and typically leads to early infant death (1,2). SMARD1
results from mutations in the immunoglobulin m-binding
protein 2 (IGHMBP2) (1,2). The human IGHMBP2 is a
993 amino acid protein that contains an RNA/DNA helicase
domain (found in the superfamily I helicases), an R3H,
single-stranded nucleic acid-binding domain and a zinc

finger domain (1–3). IGHMBP2 mRNA is ubiquitously
expressed (4). On the basis of in vitro binding assays,
IGHMBP2 has been proposed to bind DNA and was given
several names in the literature: glial factor 1 [GF1 (5)],
immunoglobulin S-m-binding protein-2 [Smbp2 or
IGHMBP2 (4,6)], rat insulin-enhancer-binding protein
[Rip1 (7)] and cardiac transcription factor 1 [Catf1 (8)]. Pro-
posed functions, based on in vitro data, include transcrip-
tional activation, immunoglobulin class switching and
pre-mRNA splicing (4–9). In neurons, IGHMBP2 is predo-
minantly found in the cytoplasm, including dendrites and
axons (3), arguing that IGHMBP2 has a major function
outside the nucleus. The presence of an RNA helicase
domain and a single-stranded nucleic acid-binding domain
suggests that IGHMBP2 may function in RNA processing,
regulation or metabolism.
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Neuromuscular degeneration (nmd) mice that are homozy-
gous for mutations of the Ighmbp2 gene develop a phenotype
that is very similar to SMARD1 (10). The pathology of nmd
mice consists of motor neuron degeneration with axonal loss
leading to neurogenic muscle atrophy and death by �8–12
weeks (10–12). We previously reported that the nmd mutation
is a single A-to-G transition 23 bp into intron 4 of the mouse
Ighmbp2 gene that creates a new favorable splice donor,
resulting in a frameshift and premature stop codon (10). In
nmd homozygous mice, low levels (�20%) of correctly
spliced mRNA are evident in all nmd tissues, indicating that
this is a hypomorphic allele and not a complete null mutation
(10). We reported that the motor neuron degeneration of nmd
mice was completely corrected by transgenic expression of
wild-type IGHMBP2 driven by a neuron-specific promoter
(11). This finding demonstrates that motor neuron degener-
ation in nmd mice is cell autonomous and is a direct conse-
quence of reduced IGHMBP2 protein levels in motor
neurons. Interestingly, these transgenic mice later developed
a primary myopathy affecting both skeletal muscles and the
myocardium, suggesting that IGHMBP2 is also essential for
myocyte maintenance (11). Such primary myopathy has not
been described in human patients with SMARD1, presumably
because it is superceded by the severe motor neuronopathy
that leads to early death, before manifestation of the primary
myopathy (11).

Mice contain 418 tRNA genes and humans contain 505
tRNA genes, corresponding to tRNAs that decode the standard
20 amino acids (13). Approximately 6% of these genes contain
introns (13). tRNAs are transcribed in the nucleus by RNA
polymerase III as longer pre-tRNA transcripts (14,15). tRNA
genes contain intragenic RNA polymerase III promoters
whose core elements consist of the A and B boxes (whose
sequences roughly correspond to the D- and T-loops of the
mature tRNA) (16,17). The A and B boxes are recognized
by a multisubunit complex known as general transcription
factor IIIC (TFIIIC). Mammalian TFIIIC220, one of the sub-
units of TFIIIC, binds directly to box B of RNA polymerase
III promoters and is essential for tRNA transcription (16,17).
Pre-tRNA transcripts contain 50-leader and 30-trailer sequences
(14,15). Several tRNAs also contain a single, short (14–60 nt)
intron which is found in the anticodon loop, typically one
nucleotide 30 to the anticodon (13–15). Processing of pre-
tRNAs involves removal of the 50-leader by RNAse P,
removal of the 30-trailer by various endo- and exo-nucleases,
splicing of the intron, addition of the CCA trinucleotide to
the 30-end and numerous tRNA modifications (14,15,18,19).
Addition of the CCA trinucleotide typically occurs prior to
tRNA splicing and is followed by aminoacylation and export
of the mature tRNA to the cytoplasm (15).

The biogenesis of ribosomes in eukaryotes is a complicated,
step-wise process that involves more than 200 proteins and an
equal number of small nucleolar RNAs (snoRNAs) (20). RNA
polymerase I generates a large pre-rRNA precursor (termed
47S/45S) in mammals that contains the mature 18S, 28S and
5.8S rRNAs. A series of endonucleolytic cleavages and exonu-
cleolytic processing steps leads to generation of the mature
rRNAs (21). snoRNAs are involved in the processing and
modification of ribosomal RNA (rRNA) and are found in
cells complexed with proteins (snoRNPs). U3 snoRNP is a

large ribonucloprotein composed of a 217 nucleotide U3
snoRNA and multiple proteins (22) and directs the first clea-
vage of the pre-rRNA precursor (22,23).

Spinal muscular atrophy (SMA), although distinct from
SMARD1, shares many clinical and pathological features
with SMARD1. SMA is caused by deletions or loss of function
mutations of the survival of motor neurons (SMN) gene (24).
The pathology of SMA consists of degeneration of spinal cord
motor neurons, leading to muscular atrophy (25). The SMN
protein associates with seven additional proteins, known as
Gemins2–8, into a large complex termed the SMN complex
(26–28). The SMN complex plays critical roles in the biogen-
esis of spliceosomal small nuclear RNPs (snRNPs) and poss-
ibly other RNPs (26,29–32).

Here, we show that IGHMBP2 is not a component of the
SMN complex, but rather it interacts with a unique set of
small RNAs that includes tRNATyr, and with proteins, includ-
ing helicases, TFIIIC220 and activator of basal transcription 1
(ABT1), that are required for tRNA transcription and ribosome
biogenesis and function. These biochemical observations are
corroborated in mutant nmd mice by the analysis of a
genetic suppressor of motor neuron disease encoding multiple
tRNATyr genes and ABT1 that we have shown to associate
physically with IGHMBP2. Our findings strongly suggest
that IGHMBP2 is a component of the translational machinery
and that these components can be manipulated genetically to
suppress motor neuron degeneration.

RESULTS

IGHMBP2 is not a component of the SMN complex

Because SMARD1 and SMA have similar phenotypes, caused
by degeneration of motor neurons, we first wanted to investi-
gate whether IGHMBP2 could interact with SMN or with
other components of the SMN complex. We cloned the
human IGHMBP2 cDNA in a eukaryotic expression vector
in frame with a FLAG epitope tag and generated a stable
human 293T cell line, expressing FLAG-IGHMBP2 and
another 293T cell line expressing the empty FLAG vector as
a negative control. We used anti-FLAG beads to immunopre-
cipitate FLAG-IGHMBP2 and we probed the immunoprecipi-
tates on western blots using antibodies against components of
the SMN complex: SMN, Gemin2, Gemin3, Gemin5 and
Gemin6. As shown in Supplementary Material, Figure S1,
none of these proteins co-immunoprecipitate with
IGHMBP2, indicating that IGHMBP2 does not associate
with the SMN complex.

Generation of a monoclonal antibody against IGHMBP2

Next, we generated a monoclonal antibody (mAb11-24)
against IGHMBP2 by immunizing mice with an amino-
terminal portion of human IGHMBP2 that was generated as
recombinant protein in bacteria. As shown in Figure 1,
mAb11-24 recognized IGHMBP2 in western blots, in immu-
noprecipitations (IPs) and by immunofluorescence.
mAb11-24 recognizes a protein band of �110 kDa corre-
sponding to IGHMBP2 and also a faster migrating band at
�60 kDa, which is inconsistently seen, and likely represents
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a proteolytic fragment of IGHMBP2. The predominant local-
ization of IGHMBP2 in human NT2 cells and in mouse
MN-1 cells is cytoplasmic but there is also a fraction of
IGHMBP2 that is localized in the nucleus. This is consistent
with prior reports using a rabbit polyclonal anti-IGHMBP2
antibody (3).

Identification of proteins that associate with IGHMBP2

To identify possible protein partners of IGHMBP2, we used
293T cells stably expressing either FLAG-IGHMBP2 or the
FLAG empty vector, in IP experiments. We chose this
approach because we can perform IPs by using two different
monoclonal antibodies, anti-FLAG and also mAb11-24
against IGHMBP2. Proteins that co-immunoprecipitate with
both antibodies are likely to represent authentic
IGHMBP2-associated proteins. Furthermore, competitive
elution with 3XFLAG peptide from the anti-FLAG immuno-
precipitates results in much cleaner co-IP patterns since the
antibody chains do not contaminate the samples. As shown
in Figure 2, other proteins co-immunoprecipitated with
FLAG-IGHMBP2 and were found in both anti-FLAG and
mAb11-24 immunoprecipitates. We identified several of
these proteins by mass spectrometry and the results are
shown in Figure 2A. Interestingly, we identified two closely
related ATPase/helicases, Reptin (Tip48, RuvB-like2) and
Pontin (Tip49, RuvB-like1) co-immunoprecipitating with
IGHMBP2. To confirm the association of IGHMBP2 with
Reptin and Pontin, we performed reverse co-IP experiments.
None of the antibodies that we have tested was able to

efficiently immunoprecipitate Reptin or Pontin, although
many of them worked well on western blots. To overcome
the lack of immunoprecipitating antibodies for Reptin and
Pontin, we used FLAG-tagged constructs for Reptin and
Pontin and co-transfected these plasmids along with a
plasmid expressing myc-IGHMBP2 in 293T cells. Cells trans-
fected with myc-IGHMBP2 and FLAG-empty vector served as
negative controls. We then performed IPs with anti-FLAG
antibodies and probed the immunoprecipitates with anti-myc
(9E10) antibody. As shown in Figure 2B and C,
myc-IGHMBP2 co-immunoprecipitated with FLAG-Reptin
and FLAG Pontin. Peptides corresponding to transcription
factor IIIC, 220 KDa subunit (TFIIIC220; also known as
TFIIICa) were obtained from the P65 band, indicating that
TFIIIC220, a large 220 kDa protein, fragmented during cell
lysis and IP. To confirm the IGHMBP2–TFIIIC220 associ-
ation, we performed IPs in 293 cells using an antibody
against the endogenous TFIIIC220 and probed the immuno-
precipitates with mAb11-24 against IGHMBP2. As shown in
Figure 2D (lane 5), IGHMBP2 co-immunoprecipitated with
TFIIIC220. Peptides corresponding to tubulin chains were
also identified in IGHMBP2 immunoprecipitates. To further
assess these findings, we performed IPs using anti-a-tubulin
antibody from 293T cells and probed the immunoprecipitates
with mAb11-24 against IGHMBP2 but detected only a faint
interaction (Fig. 2D, lane 4). These results indicate that
IGHMBP2 associates with the helicases Reptin and Pontin
and with TFIIIC220. Co-IP experiments showed that
IGHMBP2 did not interact with hnRNP H, HSP70 or
Zfp161 (Supplementary Material, Fig. S2). Since many RNA
or DNA helicases form dimers or homomers, we tested
whether IGHMBP2 self-associates. For this, we expressed
either FLAG-IGHMBP2, or myc-IGHMBP2, or both FLAG-
and myc-IGHMBP2 in 293T cells along with an empty
vector as negative control (Fig. 2E). Co-IPs were then per-
formed with either anti-FLAG or anti-myc antibodies, and
the immunoprecipitates were probed on western blots with
anti-myc (Fig. 2E, top panel) or anti-FLAG (Fig. 2E, bottom
panel) antibodies, respectively. The presence of
myc-IGHMBP2 in the FLAG-IGHMBP2 immunoprecipitates
and the presence of FLAG-IGHMBP2 in the myc-IP immuno-
precipitates (Fig. 2E) indicate that IGHMBP2 is able to self-
associate in vivo.

Identification of small RNAs that associate with IGHMBP2

We next asked whether IGHMBP2 associates with small
RNAs. We generated a stable MN1 cell line, expressing
FLAG-IGHMBP2 and another MN1 cell line expressing the
empty FLAG vector as a negative control (Fig. 3A). MN1 is
a well-characterized hybrid mouse motor neuronal cell line
(33–35). We then performed IPs with anti-FLAG antibody
from MN1-FLAG-IGHMBP2 and from MN1-FLAG cells.
RNA was then isolated from the immunoprecipitates,
30-end-labeled with [32P]Cp and T4 RNA ligase and resolved
on a 10% UREA–PAGE. Two discrete RNA bands (�34 and
�40 nt) were present in the FLAG-IGHMBP2 immunopreci-
pitates only (Fig. 3B). We then directionally cloned the
�40 nt RNA band from the FLAG-IGHMBP2 immunopreci-
pitates by employing the same strategy that we used to

Figure 1. Properties of the monoclonal antibody against IGHMBP2. (A) Total
cell lysates from mouse MN1 cells or human 293T cells were resolved on 4–
12% NuPAGE gel, blotted and probed with 11-24 mAb. Molecular mass
markers (in kilodaltons) are shown on the right. (B) Indirect immunofluores-
cence of IGHMBP2 on NT2 cell line using 11-24 mAb analyzed by epifluor-
escence microscopy. (C) FLAG-IGHMBP2 was in vitro-translated in the
presence of 35S-methionine, and radiolabeled FLAG-IGHMBP2 was immuno-
precipitated with non-immune mouse serum (NMS), immune serum from a
mouse immunized with recombinant IGHMBP2 (IS-2), the 11-24 mAb, or
anti-FLAG (M2) mAb. Immunoprecipitated proteins were resolved on 4–
12% NuPAGE gel and detected by autoradiography. Total (T) contains 20%
of input used for IPs.
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clone miRNAs and the (mt)tRNAMet from Ago2 immunopre-
cipitates (36,37) (detailed in 38). Of the 30 clones sequenced,
three clones corresponded to the 30-end or tRNATyr (Fig. 3C
and D), one clone corresponded to the 30-end of tRNAMet

(CAU anticodon), one clone to the 30-end of tRNAArg (UCU
anticodon) and the remainder represented clones with adapters
only. These results indicated that IGHMBP2 associated with
tRNAs and, in particular, tRNATyr. We were unable to clone
the smaller, �34 nt band, but it likely corresponds to
50-ends of tRNAs. Because the RNAs from the

FLAG-IGHMBP2 immunoprecipitates were 30-end-labeled
with a single [32P] pCp molecule, the stoichiometry of the
RNAs may be extrapolated from band intensity. As shown
in Figure 3B, the ratio of the �40 nt to the �34 nt band is
1:1, suggesting that they may be derived from processing of
a tRNA molecule. In experiments described in what follows,
we detect association of IGHMBP2 with intact tRNAs
(Fig. 3E and F). Cleavage of tRNAs in the anticodon loop
has been shown to occur as a conserved response to oxidative
stress in yeast, plants and mammalian cells (39) and it is likely

Figure 2. IGHMBP2 self-associates and associates with TFIIIC220, and the helicases Reptin and Pontin. (A) Identification of IGHMBP2-associated proteins.
Immunoprecipitations (IPs) were performed with anti-FLAG or 11-24 (anti-IGHMBP2) antibodies from 293 cells expressing FLAG-IGHMBP2 or from mock-
transfected 293 cells. Immunoprecipitates from the anti-FLAG resins were eluted with 3� FLAG peptide. Immunoprecipitates from the 11-24 IP (beads) and
eluates from the anti-FLAG IPs were resolved on a 4–12% NuPAGE gel and visualized by Coomassie blue staining. Arrow indicates the FLAG-IGHMBP2
protein. Proteins that co-precipitate with both antibodies (band P50 is obscured from the 11-24 IPs from the antibody chain) are indicated. Molecular mass
markers (in kilodaltons) are shown on the right. The heavy and light chains of the 11-24 antibody are indicated. Protein bands P100, P75, P65 and P50
were excised from the gel (FLAG-IGHMBP2 eluate) and identified by mass spectrometry. The corresponding proteins (and Genbank protein IDs) from
these bands are listed below. (B–D) Validation of IGHMBP2-interacting proteins by reverse co-IP experiments. (B) Two hundred and ninety-three cells expres-
sing myc-IGHMBP2 were transfected with FLAG-Reptin (lane 2) or with empty vector (mock, lane 1). IPs were performed with anti-FLAG antibody from the
mock-transfected (lane 3) or FLAG-Reptin-transfected cells (lane 4), and the immunoprecipitates were probed with anti-myc (9E10) antibody on western blot.
(C) Two hundred and ninety-three cells expressing myc-IGHMBP2 were transfected with FLAG-Pontin (lane 2) or with empty vector (mock, lane 1). IPs were
performed with anti-FLAG antibody from the mock-transfected (lane 3) or FLAG-Pontin-transfected cells (lane 4), and the immunoprecipitates were probed with
anti-myc (9E10) antibody on western blot. (D) IPs were performed from 293 cells using antibodies against: TFIIIC220 (lane 5), a-tubulin (lane 4), IGHMBP2
(11-24 mAb, lane 3), NMS (non-immune mouse serum; negative control, lane 2). The immunoprecipitates were probed with 11-24 (anti-IGHMBP2 mAb) on
western blot. (E) IGHMBP2 self-associates. 293T cells were transfected with FLAG-IGHMBP2 (F), or myc-IGHMBP2 (M), or both FLAG-IGHMBP2 and
myc-IGHMBP2 (F/M), or were mock-transfected (C). IPs were performed with either anti-FLAG or anti-myc antibodies, and the immunoprecipitates were
probed on western blots with anti-myc (top panel) or anti-FLAG (bottom panel) antibodies. Total represents �10% of lysate prior to IPs. Arrow indicates
epitope-tagged IGHMBP2 protein.
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that such fragmentation occurred prior to or during cell lysis
and RNA IP. The RNA bands at �75, �120 and �180 nt cor-
respond in size to tRNAs, 5S rRNA and 5.8S rRNAs. The 5S
and 5.8S rRNAs (which we have identified by northern blots;
our unpublished data) are likely non-specific as we often
observe them in small RNA IPs using various antibodies
[such as anti-Ago antibodies (36)], and in the anti-FLAG
vector (negative control) RNA immunoprecipitate (Fig. 3B).

Next, we isolated RNAs that co-immunoprecipitated with
endogenous IGHMBP2 from mAb11-24 immunoprecipitates

from HeLa cells; non-immune mouse serum (NMS) served
as a negative control. We 30-end-labeled the RNA with pCp
and T4 RNA ligase and analyzed the small RNAs on a 10%
UREA–PAGE. As shown in Figure 3E, a strong band at
�75 nt, corresponding in size to tRNAs, was present in
mAb11-24 immunoprecipitates but not in the negative
(NMS) control. To confirm the association of tRNATyr with
endogenous IGHMBP2, we probed RNAs that were isolated
from mAb11-24 immunoprecipitates from HeLa cells with
an oligonucleotide probe against tRNATyr on a northern blot.

Figure 3. IGHMBP2 associates with small RNAs and in particular with tRNA-Tyr. (A) Lysates from mouse MN1 cells stably expressing FLAG-IGHMBP2 or
vector only (FLAG-vector) were probed on a western blot with a monoclonal antibody against the FLAG epitope. (B) RNA immunoprecipitations (RNA-IP)
were performed with anti-FLAG antibody from FLAG–IGHMBP2-expressing or mock-transfected (vector only) MN1 cells. RNA was isolated from the immu-
noprecipitates, 30-end-labeled with [50-32P]-pCp and T4 RNA ligase and resolved by electrophoresis on a 10% denaturing PAGE. Nucleotide sizes of the radio-
labeled marker (M) are shown on the left. Red arrow at �40 nt indicates small RNAs that were directionally cloned and sequenced. (C) Secondary structure of
mouse tRNA-Tyr (tRNA-882; numbering is adapted from 13) with cloned sequences shown in red, including the post-transcriptionally added CCA trinucleotide
at the 30-end. Nucleotide differences of tRNA 880 (tRNA-Tyr2) are indicated in green; all other nucleotides between the various tRNAs-Tyr listed above are
identical. The pseudo-uridine modification of uridine present in the center of the anticodon of all tRNA-Tyr is shown with the symbol c. (D) Sequences of mouse
tRNA-Tyr genes contained in the modifier locus (see Fig. 4). Introns are in lower case; note that intronic sequences differ between the various tRNA-Tyr genes.
(E) RNA-IP was performed with 11-24 mAb against endogenous IGHMBP2 from human HeLa cells or with non-immune mouse serum (NMS, negative control).
RNA was isolated from the immunoprecipitates, 30-end-labeled with [50-32P]-pCp and T4 RNA ligase and resolved by electrophoresis on a 10% denaturing
PAGE. Nucleotide sizes of the radiolabeled marker (M) are shown on the left. Red arrow indicates tRNAs. (F) RNA-IP was performed from HeLa cells as
in (E), and the isolated RNA was transferred to a nylon membrane and probed with a 50-end-labeled DNA oligo, antisense to tRNA-Tyr.
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As shown in Figure 3F, tRNATyr was detected specifically in
mAb11-24 immunoprecipitates. These findings indicate that
IGHMBP2 associates with small RNAs and, in particular,
with tRNATyr.

Positional complementation cloning of the Mnmc modifier
using BAC transgenic rescue

During the course of our original fine-mapping of the nmd
mouse mutation, we observed that �25% of the
(B6-nmd2J

� CAST/EiJ)F2 nmd2J/nmd2J mice were very
mildly affected with regard to the extent of neurogenic
atrophy and paralysis (10,11). We mapped the modifier
region to mouse Chr 13 and completed construction of a con-
genic B6.CAST-MnmC line of mice that are homozygous B6
at all loci except around the region containing the MnmC

gene. Just as in the original F2 intercross, this single Chr 13
locus suppresses the nmd motor neuron disease in a semidomi-
nant fashion but fails to rescue the onset or progression of
dilated cardiomyopathy (11). Using the B6.CAST-Mnm con-
genic strain in a mapping cross, we have obtained additional
recombinants to reduce the genetic interval to 0.03 cM
between markers CA1 and CAGA. We have constructed a
contig across most of the 430 kb Mnm critical interval from
CAST-derived (CHORI-26 library, http://bacpac.chori.org)
BAC clones (Fig. 4A).

To further localize the Mnm modifier within our genetic
interval, we undertook a transgenic rescue strategy using the
�166 kb CAST-derived BAC clone (CH26-27K3). As
shown in Figure 4A, BAC-27k3 contains two protein-coding
genes, Abt1 and Zfp322a. In addition, 1 non-coding EST
(ENSMUSESTG00000018860) and 24 tRNA genes (10
tRNAVal, 6 tRNAAla, 5 tRNATyr, 2 tRNAIle and 1 tRNAMet)
have been annotated to the region between 23 380 802 and
23 527 157 bp on mouse Chr 13 (NCBI build 37). We have
identified eight independent B6-Tg(BAC27k3) transgenic
founders and crossed each of them with B6-þ/nmd mice to
generate B6-Tg(BAC27k3) nmd/nmd mutant mice. Seven of
eight 27k3 founder lines completely recapitulate the MnmC

modifier rescue phenotype seen in our B6.CAST-Mnm con-
genic line though one founder line (line 60) displays a gener-
ally mild, yet variable rescue phenotype among littermates.
Thus, we have been able to limit the Mnm modifier effect to
a single 166 kb CAST-derived BAC clone. We quantitated
the extent of the motor neuron rescue in nmd mice carrying
the BAC-27k3 transgene by counting the number of myeli-
nated axons derived from the motor branch of the femoral
nerve. As shown in Figure 4B and C, the 27k3 modifier
rescued completely the motor neuron degeneration of nmd
mice.

Shotgun sequencing of BAC-27k3 to identify CAST/EiJ
sequence polymorphisms was compared with the public
mouse C57BL/6J genome sequence. No coding polymorph-
isms, aberrant alternative splicing events or real-time reverse
transcriptase (RT)–polymerase chain reaction (PCR)
expression differences have been detected in the CAST-
derived Abt1 or Zfp322a sequences that might point to the
cause of the genetic modifier effect (data not shown). Apart

Figure 4. MnM modifier locus and BAC-27K3 rescuing transgene. (A) Trans-
genic positional complementation cloning the Mnm modifier. Schematic of the
430 kb Mnm modifier locus and of the BAC 27k3 (blue) that suppresses nmd
motor neuron degeneration and contains the sequences necessary to confer the
Mnm effect. The 18.1 kb EcoRI fragment from BAC-27k3 that contains the
five tRNA-Tyr and Abt1 genes is shown magnified below. The polymorphisms
between B6 and CAST are also shown. Boxed genes and exons above the line
are transcribed from left to right and those below the line are transcribed from
right to left. Coding genes and functional tRNAs are depicted as is a non-
coding EST (ncEST). (B) Cross-sections of the motor branch of the femoral
nerve from a 35-day-old B6-þ/þ mouse, a 41-day-old B6-nmd/nmd mouse
and a 37-day-old B6-Tg27k3 nmd/nmd rescued mouse. There is a significant
reduction in the total number of myelinated axons in the nmd femoral motor
nerves that is completely rescued by the 27k3 BAC transgene. (C) Axon
counts from femoral motor nerves from homozygous B6 nmd mice (nmd/
nmd, n ¼ 13), wild-type B6 mice (þ/þ, n ¼ 6), B6-Tg27k3 nmd/nmd
rescued mice (Tg nmd/nmd, n ¼ 8) and B6-Tg27k3 (Tg þ/þ, n ¼ 4).
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from the triplication of an �10 kb repetitive element in CAST
detected by DNA fingerprint analysis of BAC-27k3, we have
been surprised by the low rate of polymorphisms between
C57BL/6J and CAST/EiJ in our interval (�1 SNP/4.1 kb)
given that the two subspecies are thought to have diverged
approximately 0.5–1 million years ago. However, this is con-
sistent with the mosaic nature of the genome of common lab-
oratory strains with intervals of high SNP density and low
SNP density reflecting the recent contributions of musculus,
domesticus and castaneus-derived chromosomal segments
during inbreeding (40). The �10 kb triplication is relatively
common among several inbred strains based on Southern blot-
ting (data not shown) and does not appear to be associated
with the modifier effect though the sequence contains three
tRNA genes (tRNAAla and two tRNAVal genes). Complete
sequencing of an 18.1 kb EcoRI fragment of BAC-27k3 con-
taining the Abt1 gene, six tRNA genes and one noncoding
EST revealed only seven polymorphisms in intergenic or
intronic regions (summarized in Fig. 4A, GenBank accession
number EU880213) that do not immediately suggest a mech-
anism for the modifier effect of the CAST/EiJ allele versus
the C57BL/6J allele in suppressing motor neuron disease.
The syntenic genomic area in humans is found on chromo-
some 6 and contains a cluster of four tRNATyr genes and the
ABT1 gene.

The identification of five tRNATyr genes in the 27k3 modi-
fier and the physical association of tRNATyr with IGHMBP2
are particularly intriguing and indicate that IGHMBP2 may
function in tRNA pathways or in translation. This is further
supported by the association of IGHMBP2 with TFIIIC220,
a general transcription factor for RNA polymerase III, which
is essential for transcription of tRNA genes.

The genetic modifier rescues the motor neuron
degeneration of nmd mice without restoring
the protein levels of IGHMBP2

To test whether the genetic modifier functions by correcting
the splicing defect of nmd mice, we assayed the levels of aber-
rantly spliced Ighmbp2 pre-mRNA in nmd and in
B6-Tg(BAC27k3) nmd mice that express the genetic modifier.
RT–PCR with primers spanning the point mutation in intron 4
of Ighmbp2 gene of nmd mice leads to the inclusion of 23
nucleotides from intron 4 in the aberrant Ighmbp2
pre-mRNA from nmd mice and the generation of a 155 base
pair (bp) PCR product. The same set of primers generates a
132 bp PCR product for the correctly spliced, wild-type
Ighmbp2 transcript. In nmd mice, the predominant Ighmbp2
transcript is the aberrant one with much lower levels of the
wild-type transcript (10). As shown in Figure 5A, the
genetic modifier does not restore the splicing defect of the
Ighmbp2 gene. We also assayed the IGHMBP2 protein
levels of brain lysates from wild-type, nmd and
B6-Tg(BAC27k3) nmd mice on western blots and found that
the genetic modifier does not restore the protein levels of
IGHMBP2 (Fig. 5B). These findings indicate that the modifier
rescues the motor neuron degeneration of nmd mice by a
mechanism that does not affect IGHMBP2 protein levels.

IGHMBP2 associates with the ABT1 protein, whose
gene is present in the 27k3 modifier

The presence of the Abt1 gene in the 27k3 modifier is particu-
larly interesting because ABT1 is an essential factor required
for pre-ribosomal RNA (pre-rRNA) processing and maturation
of ribosomes (41). In the initial immunopurification of
FLAG-IGHMBP2, we did not detect a clear protein band at
�31 kDa, corresponding to ABT1, in the Coomassie-blue
stained FLAG-IGHMBP2 eluates (Fig. 2A). However, since
ABT1 is a small protein and the sensitivity of Coomasie
blue is low, we performed co-IP experiments to test whether
there is an association of IGHMBP2 with ABT1. We found
that there are no anti-ABT1 antibodies suitable for IP. We
thus generated a myc-tagged ABT1 construct and
co-transfected it along with a plasmid expressing
FLAG-IGHMBP2 in 293T cells. We then performed IPs
with anti-FLAG or anti-myc antibodies and probed the immu-
noprecipitates with anti-myc (9E10) or anti-FLAG antibodies
to detect co-precipitating ABT1 and IGHMBP2, respectively.
As shown in Figure 6, myc-ABT1 co-immunoprecipitated
with FLAG-IGHMBP2, indicating that there is a physical
association between IGHMBP2 and ABT1. However, co-IP
experiments showed that IGHMBP2 did not interact with
ZNF322a, the other protein-coding gene found in the 27k3
modifier (Supplementary Material, Fig. S2).

DISCUSSION

Dysregulation of pre-mRNA, rRNA or tRNA pathways is
emerging as an important feature of neurodegenerative dis-
orders and in particular in degeneration of motor neurons or
their axons.

SMA is caused by reduced SMN protein levels, and in the
SMA mouse, this reduction results in generalized pre-mRNA
splicing defects (42). Most cells, except motor neurons, appar-
ently tolerate such splicing defects caused by reduced SMN
levels. It is also possible that in motor neurons, SMN may
have additional, as yet unidentified functions that promote
axonal and neuronal survival.

Charcot–Marie–Tooth (CMT) neuropathies are common
diseases of the peripheral nervous system that are caused by
degeneration of axons (either axonal or demyelinating) of
motor neurons or sensory neurons. Mutations of the
tyrosyl-tRNA synthetase (also known as YARS), the enzyme
that aminoacylates tRNATyr, cause dominant intermediate
CMT neuropathy type C (DI-CMTC) (43). Mutations of
glycyl-tRNA synthetase (also known as GARS), the enzyme
that aminoacylates tRNAGly, cause CMT neuropathy type
2D (CMTD2) and distal spinal muscular atrophy type V
(dSMA-V) (44,45). Recent studies indicate that dSMA-V
and CMTD2 are best characterized as primary motor neurono-
pathies (45). These findings strongly indicate that disruption of
tRNA function may underlie neurodegeneration.

Amyotrophic lateral sclerosis type 4 (ALS4) is caused by
mutations of senataxin (46). Senataxin has an RNA helicase
domain that is similar to that of IGHMBP2 and shows signifi-
cant similarity to the yeast helicase Sen1p, which is involved
in the processing and maturation of tRNAs and other small
noncoding RNAs (47). Senataxin is localized to the cytoplasm
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and in the nucleolus of neurons, suggesting a function in ribo-
somal RNA biogenesis and/or translation (48).

Two RNA-binding proteins are also major players in the
etiopathogenesis of sporadic and familial ALS. Cytoplasmic
aggregation of the TARDBP RNA-binding protein
[TAR-DNA-binding protein 43 (TDP 43)] is found in ALS
motor neurons (49), and mutations of TARDBP cause familial
ALS (50–53). Mutations of FUS (fused in sarcoma), another
RNA-binding protein, cause familial ALS, and like
TARDBP, FUS aggregates in the cytoplasm of affected
motor neurons (54,55).

Our study adds SMARD1 as another motor neuron degenera-
tive disease that is likely caused by dysregulation of tRNA and
rRNA pathways. Mice contain 10 tRNATyr genes, all of which
contain introns (13). Humans contain 15 tRNATyr genes, 14 of
which contain introns (13). The tRNATyr genes are unique
among tRNA genes because in virtually all organisms, from
yeast to humans, they contain introns (13). Another exceptional
feature of tRNATyr is the presence of a pseudo-uridine modifi-
cation of the uridine that is found in the center of the GUA antic-
odon in all tRNATyr from yeast to humans (Fig. 3C) and which
is required for proper codon recognition (56). Furthermore, this
modification is dependent on the presence of the intron and
leads to the hypothesis that the strong evolutionary pressure
to maintain the intron in virtually all tRNATyr genes from
yeast to humans may be to direct this pseudo-uridine modifi-
cation (56,57). In mice, half of all tRNATyr genes are located
in an �8 kb region of chromosome 13 (13). Intriguingly, we
found that this cluster of the five tRNATyr genes is present in
the BAC-27k3 transgene that rescues motor neuron degener-
ation of nmd mice, and tRNATyr physically associates with
IGHMBP2. The association of IGHMBP2 with TFIIIC220 is
also very interesting because TFIIIC220 binds to tRNA promo-
ters and is an essential factor for tRNA transcription.

The finding that the ABT1, Reptin and Pontin proteins
associate with IGHMBP2 is also interesting. Both Reptin
and Pontin are evolutionary conserved and ubiquitously
expressed �50 kDa proteins that contain ATPase/helicase
domains and are found in multiple complexes involved in
chromatin remodeling and gene transcription (58–67).
Reptin and Pontin also associate with U3 snoRNA and are
required for U3 snoRNP biogenesis. ABT1 is an �31 kDa
protein that is evolutionary conserved from yeast (Saccharo-
myces cerevisiae) to humans. Mouse Abt1 was initially impli-

cated in general transcription on the basis of its ability to
associate with TATA-binding protein and to stimulate
weakly the activity of reporter genes (68). However, sub-
sequent protein–protein interaction studies and localization
studies indicated that ABT1, like its yeast homolog, functions
in ribosome biogenesis (41). The yeast homolog of ABT1 is
called Esf2p (for eighteen S factor 2 protein), is an essential
protein and biochemical and genetic studies have unequivo-
cally demonstrated that it functions in ribosome biogenesis
(41). Specifically, Esf2p associates with U3 snoRNP (small
nucleolar ribonucleoprotein) and the 50 ETS (external tran-
scribed spacer) of pre-ribosomal RNA (pre-rRNA) and is
essential for early pre-rRNA processing (41). U3 snoRNP con-
tains four proteins that are common to most snoRNPs and also
many additional proteins, which are required for its assembly
and function. Reptin and Pontin are two of the proteins that
associate with U3 snoRNP and are required for its assembly
in human cells (22). The yeast homolog of Reptin is also
required for the assembly of yeast snoRNPs including yeast
U3 snoRNP (69). Our finding that IGHMBP2 also associates
with Reptin and Pontin and the fact that the Abt1 gene,
whose protein product is required for ribosome biogenesis, is
contained in the 27k3 genetic modifier suggest that
IGHMBP2 plays a role in ribosome biogenesis or function.

While our manuscript was under revision, Guenther et al.
(70) reported that IGHMBP2 associates with ribosomes. Our
findings are in support of a role of IGHMBP2 in mRNA trans-
lation, and our biochemical and genetic investigations have led

Figure 5. The genetic modifier rescues the motor neuron degeneration of nmd mice without restoring the protein levels of IGHMBP2. (A) RT–PCR was per-
formed with primers spanning the point mutation in intron 4 of Ighmbp2 gene of nmd mice that leads to the inclusion of 23 nucleotides in the aberrant Ighmbp2
pre-mRNA from nmd mice. The aberrant Ighmbp2 transcript is the major transcript generated in nmd mice and in the B6-Tg(BAC27k3) nmd mice. (B) Indicated
amounts of brain tissue lysates from wild-type (wt), nmd or B6-Tg(BAC27k3) nmd mice were probed with the indicated antibodies on western blots.

Figure 6. IGHMBP2 associates with ABT1. 293T cells were co-transfected
with FLAG-IGHMBP2 and myc-ABT1. IPs were performed with anti-myc
antibody (left panel) or with anti-FLAG antibody (right panel), and the immu-
noprecipitates were probed on western blots with anti-FLAG antibody (to
detect FLAG-IGHMBP2) and with 9E10 anti-myc antibody (to detect
myc-ABT1). Total represents 10% of lysate prior to IP.
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to a remarkable convergence of the pathways that IGHMBP2
is likely to function, which include ribosome and tRNA func-
tion, both of which are essential for mRNA translation. Future
work will focus on delineating the molecular mechanism(s) of
IGHMBP2 function and its specific requirements for motor
neuron maintenance.

MATERIALS AND METHODS

Mice and genotypic selection

Mice were maintained in humidity and temperature-controlled
rooms with a 12:12 dark:light cycle. They were given an
NIH-mouse/rat diet with 6% fat, except the ALR/LtJ strain,
which received 4% diet (5K54, PMI Feeds, Inc., St Louis,
MO, USA) ad libitum with free access to water (HCl-acidified,
pH 2.8–3.2). All procedures performed on the animals were
reviewed and approved by our institutional animal care and
use committee. The C57BL/6J–MnmC congenic strain
[B6.CAST-(D13Mit17-D13Mit14)/Cx] was constructed by 10
backcross generations of a (B6.BKS-þ/nmd2J

� CAST/
EiJ)F2 mouse to C57BL/6J as described previously (10). For
construction of a high-resolution genetic map of the MnmC

locus, 3528 (B6.CAST-þ/nmd MnmB/MnmC) F2 mice were
phenotyped and genotyped to identify recombinants using
the flanking SSLP markers CA1 (27k3CA1F CCAGCAAGG
AAGGGGAAAAC and 27k3CA1R TGGAGCTTGTTTCA
TCCACC) and CAGA (CAGA-F2 ATTTTGTCACTCCC
TCCCTGCC and CAGA-R2 CTAAAACCTTCAAAGCAAA
CTGGG). F2 mice containing recombinant MnmB/MnmC gen-
otypes in the absence of a homozygous nmd/nmd mutation
(þ/þ or þ/nmd) were mated to known þ/nmd heterozygotes
until mutant nmd progeny appeared to determine the status of
the Chr 13 Mnm modifier allele.

Generation and characterization of transgenic
BAC-27K3 mice

Screening of CHORI-26 CAST BAC library by Southern blot
hybridization was performed by TJL Molecular Biology
Service using five probes derived from B6 sequences across
the genetic interval (primer sequences available on request).
CHORI-26 BAC 27K3 was microinjected into fertilized
C57BL/6J embryos to generate eight independent transgenic
C57BL/6J-Tg(BAC-27K3) founder lines that were identified
with primers flanking polymorphic SSLP repeats: F49
TCTGCTCTGAATCCAACTGG and R51 AACATACCCA
TAGCCTCTAC (112 bp in B6 and 91 bp in CAST); F54
TGTTCCCAGCTGACCTTATC and R56 GCAGAGAAA
GACAGATGGAC (116 bp in B6 and 134 bp in CAST).
Transgenic-positive mice (þ/þ for nmd) were bred to hetero-
zygous B6.BKS-þ/nmd mice and the F1 transgenic-positive
heterozygous (þ/nmd) offspring were backcrossed to
B6.BKS-þ/nmd mice to generate transgenic-positive mutant
nmd/nmd mice (nmd-Tg27K3) for phenotypic analysis.

Histology and axon counts

Tissue was fixed by transcardial perfusion with 2% glutaralde-
hyde/ 2% paraformaldehyde in 0.1 M cacodylate buffer.
Femoral nerves were dissected free and postfixed overnight

in the same fixative and then processed for plastic embedding.
For counts of axons, left and right nerves were taken whenever
possible, and counts were averaged so that each n represents
one mouse and the average count of the left and right nerve.
The total number of myelinated axons in each nerve was
counted using light microscopy on 0.5 mm sections stained
with Toluidine blue. Images were taken on a Nikon E600
microscope using a Leica DFC300 FX digital camera.

DNA sequencing

EcoRI fragments of CHORI-26 CAST BAC clone 27K3 were
subcloned into Invitrogen pCR 4-TOPO vector and were end-
sequenced with vector primers T3 and T7 on an Applied Bio-
systems 3700 DNA sequencer. Complete sequencing of an
18.1 kb EcoRI fragment containing the Abt1 gene was accom-
plished using a transposon insertion kit, EZ::Tn-Tn5 TET-1
and EZ::TN KAN-2 according to the manufacturers instruc-
tions (Epicentre Technologies), and the sequence information
was deposited into GenBank (Accession no. EU880213).

DNA constructs

The open-reading frames of IGHMBP2, ABT1, Zfp161 were
cloned downstream of the CMV promoter into modified
pcDNA3 vectors (Invitrogen) containing either the myc-tag
or the FLAG-tag sequences at the amino terminus. All of
the constructs were analyzed by DNA sequencing.

Antibodies

The anti-IGHMBP2 monoclonal antibody mAb11-24 was pro-
duced by immunization of BALB/c mice and fusion of spleen
cells with Sp2/0 myeloma cells. The mouse sera and the hybri-
doma culture supernatants were both screened by ELISA,
western blot, IP and immunofluorescence. Hybridoma cell
lines were cloned to homogeneity by limiting dilution. Ig sub-
class was determined using an isotyping kit (Roche). Anti-
bodies used were as follows: 11-24 mouse IgG1 monoclonal
anti-IGHMBP2; 2B1, mouse IgG1 monoclonal anti-SMN;
2E17, mouse IgG1 monoclonal anti-Gemin2; 12H12, mouse
IgG1 monoclonal anti-Gemin3; 17D10, mouse IgG1 mono-
clonal anti-Gemin4; 9E10, mouse IgG1 monoclonal anti-myc
(Developmental Studies Hybridoma Bank); A-14, affinity-
purified rabbit polyserum anti-myc 9E10 epitope (Santa Cruz
Biotechnologies); M2, mouse IgG1 monoclonal anti-Flag
(Sigma); anti-TFIIIC220 antibody (sc-23110, Santa Cruz,
Inc.); anti-a-tubulin antibody (Ab4074, Abcam);
anti-b-tubulin antibody (Ab6046, Abcam or E-7 from Devel-
opmental Studies Hybridoma Bank); anti-hnRNP H (Bethyl);
anti-HSP70 (Abcam); anti-ZNF322a (Aviva).

Cell culture, IP, small RNA cloning

Cells were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% fetal bovine serum (Invi-
trogen). Cells were transfected by the standard calcium phos-
phate method. Following overnight incubation with DNA,
cells were washed and fresh medium was added. Stable
clones of MN1 and 293T were obtained by selection in the
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presence of G418 (100 mg/ml). IP experiments were per-
formed from total cell extracts followed by western blotting
as described previously (36). For small RNA cloning, RNA
was isolated from FLAG-IGHMBP2 immunoprecipitates;
30-end labeling, directional adapter ligation, cloning and
sequencing were performed as described previously (38).

In vitro translation and IP

FLAG-Zfp161, myc-IGHMBP2 and FLAG-IGHMBP2 pro-
teins were generated by in vitro translation using the TNT
T7 Quick-Coupled Transcription/Translation System in the
presence of 35S-methionine (Promega) following the manufac-
turing instructions. The in vitro translated proteins were mixed
and allowed to interact for 1 h at 48C. IPs were carried out
using either anti-myc antibody (9E10) or anti-FLAG M2
beads (Sigma). After binding, the beads were washed five
times with RSB-100 buffer (20 mM Tris–HCL, pH 7.5,
1200 M NaCl, 2.5 mM MgCl2, 0.5% Triton X100 and complete
EDTA-free protease inhibitors) and boiled in SDS–PAGE
loading buffer. The IPs were analyzed by NuPAGE and
exposed to a Biomax XAR film (Kodak).

Affinity purification of IGHMBP2 protein complex

FLAG-IGHMBP2 and control cell lines were grown in the
presence of G418 (100 mg/ml). Total cell extracts were pre-
pared by resuspending cell pellets in RSB-100 (10 mM Tris–
HCl, pH 7.4, 2.5 mM MgCl2, 100 mM NaCl) buffer containing
0.1% Nonidet P-40 and protease inhibitors. Cells were soni-
cated briefly. Following centrifugation at 10 000 rpm for
15 min, supernatants were added to anti-FLAG beads
(Sigma) pre-washed with the same buffer. Extracts were incu-
bated with anti-FLAG beads for 2 h at 48C. Supernatants were
discarded, and beads were extensively washed with RSB-100
containing 0.02% Nonidet P-40. Three high-salt washes
were performed with 10 bed volumes of RSB-300 (300 mM

NaCl) buffer containing 0.02% Nonidet P-40 for 15 min at
48C. Following three washes with RSB-100 containing
0.02% Nonidet P-40, bound complexes were eluted with 10
bed volumes of the same buffer containing 0.25–0.5 mg/ml
3X-FLAG peptide (Sigma) for 1 h at 48C.

Mass spectrometry

Bands were excised from Coomassie-stained NuPAGE gel, in
gel-digested with trypsin and peptides were identified by
tandem MS-MS. The peptide sequences obtained from mass
spectrometry for selected proteins that co-immunoprecipitate
with FLAG-IGHMBP2 (Fig. 2) were RuvB-like 2 (Reptin/
Tip48; Q9Y230): AVLIAGQPGTGK, VYSLFLDESR,
QASQGMVGQLAAR; RuvB-like 1 (Pontin/Tip49;
Q9Y265): LDPSIFESLQK, TALALAIAQELGSK, ALES-
SIAPIVIFASNR; TFIIIC220 (TFIIICa, TFIIIC-220Kda;
Q12789): MGITPLR, KNITNDIR; hnRNPH (P31943):
YIEIFK, THYDPPR, IQNGAQGIR, VHIEIGPDGR,
HTGPNSPDTANDGFVR; b-tubulin (P05218): YLT-
VAAVFR, FPGQLNADLR, LAVNMVPFPR, ISEQF-
TAMFR, ISVYYNEATGGK; a-tubulin (P05209):
FDLMYAK, LSVDYGKK, EDMAALEK, DVNAAIATIK,

EIIDLVLDR, AVFVDLEPTVIDEVR; HSP70 (P08107):
SAVEDEGLK, LLQDFFNGR, VEIIANDQGNR, TTPSY-
VAFTDTER; Zfp-161 (O43829): HENNMHSER.

Reverse transcriptase–PCR

Total RNA was extracted from forebrain or spinal cord of
wild-type, nmd or nmd-Tg27K3 mice using TRIzol reagent
(Invitrogen). RNA was treated with DNAse I (Roche) and
reverse-transcribed with oligo-dT using Advantage RT-for-
PCR kit (Clontech). The cDNA was used as a template for
PCR with primers E4F (50-CGCCTGAAAAAAGCACTG
ATGAC) and E5R (50-TGTGTTGTAGAAAGAGAGTGG
GG), and the PCR products were analyzed on 2% Agarose
electrophoresis gel.

Immunofluorescence

NT2 cells plated on glass coverslips were briefly washed with
PBS, fixed in 2% formaldehyde-PBS for 30 min at room temp-
erature and permeabilized in 0.5% Triton X-100-PBS for
5 min at room temperature. Cells were blocked in 3%
bovine serum albumin in PBS for 30 min at room temperature.
Double-label immunofluorescence experiments were per-
formed by separate sequential incubations of each primary
antibody diluted in PBS containing 3% bovine serum
albumin followed by the specific secondary antibody
coupled to fluorescein isothiocyanate or TRITC. All incu-
bations were at room temperature for 1 h.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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