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Article

MEN e/b nuclear-retained non-coding RNAs
are up-regulated upon muscle differentiation
and are essential components of paraspeckles
Hongjae Sunwoo,1 Marcel E. Dinger,2 Jeremy E. Wilusz,3 Paulo P. Amaral,2

John S. Mattick,2 and David L. Spector1,3,4
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Studies of the transcriptional output of the human and mouse genomes have revealed that there are many more tran-
scripts produced than can be accounted for by predicted protein-coding genes. Using a custom microarray, we have
identified 184 non-coding RNAs that exhibit more than twofold up- or down-regulation upon differentiation of C2C12
myoblasts into myotubes. Here, we focus on the Men e/b locus, which is up-regulated 3.3-fold during differentiation. Two
non-coding RNA isoforms are produced from a single RNA polymerase II promoter, differing in the location of their 39

ends. Men e is a 3.2-kb polyadenylated RNA, whereas Men b is an ;20-kb transcript containing a genomically encoded
poly(A)-rich tract at its 39-end. The 39-end of Men b is generated by RNase P cleavage. The Men e/b transcripts are
localized to nuclear paraspeckles and directly interact with NONO. Knockdown of MEN e/b expression results in the
disruption of nuclear paraspeckles. Furthermore, the formation of paraspeckles, after release from transcriptional in-
hibition by DRB treatment, was suppressed in MEN e/b-depleted cells. Our findings indicate that the MEN e/b non-coding
RNAs are essential structural/organizational components of paraspeckles.

[Supplemental material is available online at www.genome.org.]

Sequencing of the human and other mammalian genomes has

revealed the number of protein-coding genes to be in the range of

20,000–25,000 (Waterston et al. 2002; International Human Ge-

nome Sequencing Consortium 2004), representing <2% of the

total genomic sequence. However, recent studies of the mamma-

lian transcriptome have shown that the majority of the genome is

transcribed and that many transcripts lack protein-coding capac-

ity (Carninci et al. 2005; Birney et al. 2007; Kapranov et al. 2007).

Such analyses have prompted considerable discussion as to

whether these non-coding RNAs (ncRNAs) simply represent

transcriptional noise or are involved in cellular functions (for re-

view, see Mattick and Makunin 2006). Interestingly, large-scale

studies of ncRNAs have shown that many are dynamically regu-

lated during differentiation and exhibit cell- and tissue-specific

expression patterns (Ravasi et al. 2006; Dinger et al. 2008; Mercer

et al. 2008). These observations support the contention that

ncRNAs are likely to have functional roles in the cell, some of

which may serve in regulatory and/or structural paradigms (for

review, see Mattick 2004).

Although the number of ncRNAs identified has increased

exponentially, very few ncRNAs have thus far been assigned

a cellular function (for review, see Costa 2005; Prasanth and

Spector 2007). Interestingly, several ncRNAs have been shown to

be involved in the regulation of the transcriptional state of a locus

or at the level of a single chromosome. For example, expression of

the long (>100 kb) ncRNA Airn (Antisense Igf2r RNA, also known

as Air) is associated with silencing of the Igf2r, Slc22a2, and Slc22a3

genes in mice (Sleutels et al. 2002). In another case, it was sug-

gested that the translocation of nuclear factor of activated T cells

(NFAT) into the nucleus is repressed by non-coding repressor of

NFAT (NRON) ncRNAs, a series of transcripts ranging in size be-

tween 0.8 and 3.7 kb (Willingham et al. 2005). In fission yeast,

a recent report argued that transcription of ncRNAs at the pro-

moter region can induce chromatin remodeling at the fbp1+ locus

(Hirota et al. 2008). Perhaps the best studied ncRNAs are Xist (X-

inactive specific transcript) and Tsix (X inactive-specific transcript,

antisense), key players in dosage compensation of the mammalian

X chromosome. In females, Tsix is an antisense transcript of Xist,

and its expression determines which X chromosome will be

inactivated for dosage compensation (for review, see Heard and

Disteche 2006; Erwin and Lee 2008). At the stage of X inactivation

in mammalian development, Xist/XIST RNA, 15–17 kb in mouse

and ;19 kb in human, is transcribed from one of the two X chro-

mosomes. This ncRNA subsequently coats the chromosome from

which it is transcribed and represents part of the mechanism by

which transcriptional inactivation of the coated chromosome is

achieved (for review, see Plath et al. 2002; Heard and Disteche2006).

In addition, several ncRNAs have been shown to be

misregulated in various cancers (for review, see Costa 2005; Pra-

santh and Spector 2007). For example, elevated levels of the

ncRNA MALAT1 (metastasis associated in lung adenocarcinoma

transcript 1) were originally identified in individuals exhibiting

a high risk for metastasis of non-small cell lung tumor (Ji et al.

2003). More recently, MALAT1 ncRNA was also shown to be

present at higher levels in many other cancers, including uterine

endometrial stromal carcinoma and hepatocellular carcinoma

(Yamada et al. 2006; Lin et al. 2007). Increased expression of an-

other ncRNA, PCA3 (prostate cancer antigen 3, also known as

DD3), has been observed in individuals with prostate cancer

(Bussemakers et al. 1999). Although the functions of these ncRNAs
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are not yet known, they may represent useful diagnostic markers in

a large number of different cancers (for review, see Costa 2005; Pra-

santh and Spector 2007).

Determining the subcellular localization of ncRNAs is im-

portant for providing insights into their potential partners and the

functional pathways with which they interact. The mammalian

nucleus is a highly organized organelle with several membraneless

subcompartments such as Cajal bodies, nucleoli, paraspeckles,

PML bodies, and speckles, to name just a few (for review, see

Spector 2001, 2006). Among them, paraspeckles were initially dis-

covered via the identification and characterization of a paraspeckle-

associated protein in a proteomic analysis of human nucleoli (Fox

et al. 2002). Paraspeckles generally appear in clusters and are fre-

quently localized in the nucleoplasm close to nuclear speckles,

where pre-mRNA splicing factors are stored, assembled, and/or

modified. Inhibition of RNA polymerase II transcription results in

its protein components relocating to the periphery of nucleoli. As

paraspeckles are sensitive to RNase A treatment (Fox et al. 2005;

Prasanth et al. 2005), RNA(s) may be a critical component of this

nuclear structure. Interestingly, Prasanth et al. (2005) identified

Cat2-transcribed nuclear RNA (CTN-RNA), an ;8-kb transcript

that is encoded by the Slc7a2 (also known as mCat2, mouse cat-

ionic amino acid transporter 2) gene and is retained in the nucleus

in paraspeckles. CTN-RNA is produced via utilization of an alter-

native promoter coupled with the utilization of the distal-most

polyadenylation site, resulting in an extended 39-UTR. Upon

stress, CTN-RNA is cleaved, releasing the upstream Slc7a2 open

reading frame (ORF) such that it can transit to the cytoplasm to be

translated (Prasanth et al. 2005). By cleaving the ‘‘stored’’ nuclear-

retained RNA and bypassing the need for initiating Slc7a2 tran-

scription during stress, the nuclear-retained form of this RNA

represents a rapid response mechanism for gene expression. Al-

though representing an RNA component of paraspeckles, knock-

down of CTN-RNA does not result in any change in the

morphology of paraspeckles, suggesting that it does not confer

any structural integrity to this nuclear domain (Prasanth et al.

2005). Therefore, although paraspeckles are sensitive to RNase A

treatment, thus far, a specific RNA(s) involved in its structural

integrity has not been identified.

In the present study, we used a custom microarray to identify

ncRNAs that exhibit altered levels upon C2C12 myoblast differ-

entiation into myotubes. One of the identified loci, the Men1

(multiple endocrine neoplasia 1) locus on mouse chromosome

19qA, exhibited a 3.3-fold increased level of RNA in myotubes

versus myoblasts. This locus produces two ncRNA isoforms: the

mouse Men epsilon (e) transcript is 3.2 kb and the Men beta (b)

transcript is ;20 kb in length. Recently, this locus was also shown

to be up-regulated during bovine muscle development (Lehnert

et al. 2007). RNA fluorescence in situ hybridization (FISH) revealed

that these transcripts exhibit a punctate pattern in the nucleus

that corresponds to paraspeckles. This distribution is consistent

with a previous report of these RNAs localizing adjacent to nuclear

speckles (Hutchinson et al. 2007). Interestingly, the Men e/b
transcripts directly interact with the NONO (also known as p54/

nrb) complex, a known protein component of paraspeckles.

Knockdown of these RNAs induced the disruption of paraspeckles,

suggesting that the MEN e/b transcripts are essential for the

structural/organizational integrity of this nuclear domain. In ad-

dition, inhibition of RNA polymerase II transcription resulted in

a redistribution of PSPC1 (also known as PSP1a) as well as the MEN

e/b transcripts without altering the level of these ncRNAs or pro-

tein, indicating that active transcription of the MEN e/b locus is

required to establish paraspeckles. In summary, we have identified

a ncRNA locus that is up-regulated upon myoblast to myotube

differentiation and whose RNA products are critical structural/or-

ganizational components of paraspeckles.

Results

Identification of ncRNAs that are differentially expressed upon
myoblast differentiation into myotubes

We used a custom microarray to examine the expression profiles of

4694 non-coding and 13,432 protein-coding RNAs during myo-

blast differentiation. RNA was isolated from C2C12 myoblasts at

three stages of differentiation: 50% confluent myoblasts, 24 h

post-induction, and 5 d post-induction, where the cells appear

predominantly as fully differentiated myotubes (see Methods).

Across the three stages of differentiation, 8442 coding and 1425

non-coding transcripts were expressed above background, and

of these, respectively, 1814 (21.5%) and 184 (13.0%) were signif-

icantly differentially expressed (fold-change >2; B-statistic >3)

(Supplemental Table 1).

After the 184 ncRNA candidates were manually examined in

terms of overall expression levels, extent of differential expres-

sion, and the possibility of overlapping with any known protein-

coding genes, 14 full-length ncRNA gene loci were selected for

subcellular localization studies. One of these, AK028745, showed

a distinct punctate distribution in the nuclei of C2C12 myoblast

cells (Fig. 1A). Interestingly, this RNA exhibited a similar locali-

zation pattern in several mouse and human cell lines (Supple-

mental Fig. 1). Upon differentiation of myoblasts to myotubes,

this RNA was present at a 3.3-fold higher level based on our

microarray analysis (Supplemental Table 1). These punctate foci

were enlarged and more abundant in myotube nuclei compared

to myoblast nuclei, consistent with the increased levels observed

in our microarray results (Fig. 1B). To further confirm our

microarray results, Q-PCR was performed (Fig. 1C) using several

primer sets around the mapped position of EST clone AK028745

(Men e/b locus) (see Fig. 2A for primer positions). While primers

targeted upstream of the AK028745 promoter failed to amplify

a product as expected, primers to the non-coding transcripts

showed that the expression of this locus increased 3.2–4.9-fold

upon differentiation of myoblasts to myotubes (Fig. 1C). As de-

scribed below, two ncRNAs (Men e and Men b) are generated from

this locus, and the expression of both transcripts increases upon

differentiation.

Two long non-coding RNAs are generated from the Men e/b

locus

ESTclone AK028745 corresponds to a 3.2-kb ncRNA known as Men

e (also known as Neat1) (Hutchinson et al. 2007) that maps to an

intergenic region on mouse chromosome 19qA (Fig. 2A). No

known genes are located within 20 kb downstream from the 39

end of Men b, a longer isoform of Men e, although the protein-

coding gene Frmd8 is located <6 kb upstream of the 59 end of

Men e. RNA FISH analysis using a probe to the coding region of

Frmd8 did not reveal a nuclear punctate pattern, implying that

Men e is not an unannotated exon of Frmd8 (data not shown).

Instead, Men e is transcribed from a separate transcriptional unit

that has a CpG island in its promoter region (Fig. 2A). The Men e
transcript is unspliced, polyadenylated, lacks repetitive ele-

ments, and is highly conserved among mouse, rat, and human
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(Fig. 2A). 59- and 39-RACE were used to confirm the previously

annotated ends of the 3.2-kb Men e transcript (Hutchinson et al.

2007; data not shown). By Northern blot analysis, we determined

that Men e is broadly expressed in many mouse tissues (Fig. 2B). The

highest Men e transcript levels were observed in kidney and lung

(Fig. 2B).

The human ortholog MEN e was

previously identified as one of several

transcripts produced from the MEN1 lo-

cus on human chromosome 11q13.1

(Guru et al. 1997). In addition to the 3.7-

kb polyadenylated human MEN e, a lon-

ger transcript MEN b was also previously

identified (Guru et al. 1997). MEN e and

MEN b share the same RNA polymerase II

promoter, but differ in the location of

their 39 ends. Upon analyzing the many

human EST clones mapping to this ge-

nomic region, we determined that hu-

man MEN b is an ;23-kb unspliced

transcript that contains many repetitive

elements (Supplemental Fig. 2A). In

contrast, there are only a few EST clones

that map in a discontinuous manner

to the mouse Men b genomic region

(Fig. 2A), and it has been previously

argued that the mouse Men b isoform

is not transcribed (Hutchinson et al.

2007). However, it was recently shown

that transcriptional elongation marks

(H3K36me3) extend through the Men b

locus in mouse embryonic stem cells

(Mikkelsen et al. 2007), where the Men

e/b ncRNAs are expressed (Dinger et al.

2008; data not shown). Indeed, we

were able to detect expression of the

;20-kb mouse Men b transcript in C2C12

myoblast cells by RNA FISH (Supple-

mental Fig. 2) and RT-PCR (data not

shown). The tissue expression profile of

the mouse Men b transcript was examined

by an RNase protection assay (Fig. 2C).

Like Men e, Men b was broadly detected

in mouse tissues, with the highest Men b

transcript levels in colon and ovary

(Fig. 2C).

An annotated human microRNA,

miR-612, maps near the 39 end of the MEN

b transcript, suggesting that MEN b may

function as a microRNA precursor. How-

ever, miR-612 is poorly conserved and has

not previously been detected in mouse

cells. In addition, we failed to detect hu-

man miR-612 expression by Northern

blot analysis (data not shown), suggesting

that miR-612 may be misannotated and

that MEN b is not likely a microRNA

precursor.

The 39 end of Men b is generated
by RNase P

MEN b was originally suggested to be an

alternative polyadenylation isoform of

MEN e (Guru et al. 1997). By Northern

Figure 1. Men e/b ncRNA localization in C2C12 nuclei. (A) RNA FISH revealed that the Men e/b

transcripts are localized in discrete foci in C2C12 myoblast nuclei. (B) In C2C12 myotubes, the foci of
Men e/b ncRNAs are enlarged and present in greater numbers than in C2C12 myoblasts. Scale bars, 10
mm. (C) Both Men e and Men b isoforms are up-regulated upon C2C12 myoblast differentiation into
myotubes as assessed by Q-PCR. Gapdh was used as a normalization control. The data in the histogram
are shown as mean and standard deviation values of three independent experiments.

MEN e/b nuclear-retained non-coding RNAs
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Figure 2. The Men e/b locus produces two non-coding RNAs. (A) The Men e/b ncRNAs are transcribed from a single promoter located on mouse
chromosome 19qA. Men e is highly conserved among mammals and does not contain any repetitive elements. (Arrows) Transcription start site and
polyadenylation site. (Black box) Northern and (m) RNase protection assay (RPA) probe positions. The position of the primer pairs used in the Q-PCR (Fig.
1C) is indicated. The 39-UTR of a nearby protein coding gene is located ;6 kb upstream of the transcription start site. (B) Northern blot analysis using 10
mg of total RNA from 8-wk-old C57BL6 mice. (Arrow) A single band of ;3.2 kb was detected using a probe complementary to the Men e transcript.
Relative levels of Men e in various tissues are depicted as a histogram. Beta-actin (also known as Actb) was used as a loading control. (C) An RNase
protection assay was performed using 10 mg of total RNA from the same mice. Relative levels of Men b in various tissues are depicted as a histogram. Beta-
actin was used as a loading control. The full-length beta-actin probe and Men b probe are 304 nt and 221 nt, respectively. (Arrow) The protected MEN b

fragment is 201 nt. (Arrowheads) Protected beta-actin fragments, 245-nt major fragment, and two smaller muscle-specific fragments.

Sunwoo et al.
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blot analysis using multiple probes, we were able to detect

MEN b expression in HeLa cells and roughly define the location of

its 39 end (Fig. 3A). Surprisingly, there are no canonical cleavage/

polyadenylation signals located in the immediate vicinity of

where MEN b ends (Fig. 3C; Supplemental Fig. 3), suggesting that

the 39-end of MEN b is generated via a different mechanism. In-

deed, when we carried out RNase H digestion followed by

Northern blot analysis to better define the 39-end of MEN b, it was

determined that MEN b 39-end cleavage occurs at a defined nu-

cleotide position and that there is no subsequent addition of

nucleotides as occurs during polyadenylation (Fig. 3B). Rather

than a classical poly(A) tail, the mature MEN b transcript has

a short poly(A)-rich tract at its 39-end, which is genomically

encoded (Fig. 3C).

Upon searching the human and mouse genomes for

sequences similar to the 39-end of MEN b, we found that it is

similar to the 39-end of MALAT1 (Supplemental Fig. 3). We have

recently shown that the 39-end of the abundant Malat1 transcript

is not generated by a classical cleavage/polyadenylation mecha-

nism, but is instead generated by RNase P (Wilusz et al. 2008). A

tRNA-like structure present within the primary Malat1 transcript

is recognized by RNase P, allowing the enzyme to cleave and

generate the 39-terminus of the mature Malat1 transcript (Wilusz

et al. 2008). A similar evolutionarily conserved tRNA-like struc-

ture is present at the 39-end of the MEN b/Men b locus (Supple-

mental Figs. 3, 4). To test if RNase P generates the mature 39-end

of the Men b transcript, a 189-nt region encompassing the 39-end

of Men b was cloned, transcribed in vitro, and employed for

Figure 3. RNase P cleavage generates the 39 end of Men b. (A) Northern blot analysis using 20 mg of total RNA showed that the human MEN b ortholog
is expressed in (left) HeLa cells. The designated oligonucleotide probes were then used to roughly map (right) the 39 end of MEN b. Beta-actin was used as
a loading control. (B) RNase H digestion followed by Northern blot analysis was used to more finely map the 39 end of MEN b. Oligo 1 is complementary
to nucleotides 64,969,484–64,969,533 of human chromosome 11. Oligo 2 is complementary to nucleotides 64,969,492–64,969,541 of human
chromosome 11. (C) The in vitro RNase P cleavage site, which corresponds to the 39 end of the mature MEN b transcript, was mapped by ligation-based
RNA cloning procedures. Numbers at the top indicate the position on human chromosome 11. (D) Men b is a substrate for human RNase P. (E)
Recombinant His-tagged human RNase Z cleaves Men b in vitro. (F) Northern blot analysis using 25 mg of total RNA from EpH4-EV, C2C12, or mouse liver
showed that the Men b tRNA-like small RNA is selectively stabilized in liver. U6 was used as a loading control.
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RNase P in vitro cleavage assays. Partially purified human RNase

P was able to cleave Men b in vitro at the expected 39-end of

mature Men b, showing that the in vitro system accurately

recapitulates in vivo Men b processing (Fig. 3D). The Malat1

tRNA-like structure is further cleaved by RNase Z at its 39-end to

yield a 61-nt tRNA-like transcript named mascRNA (Malat1-as-

sociated small cytoplasmic RNA) (Wilusz et al. 2008). The Men b

tRNA-like structure can similarly be cleaved in vitro by

recombinant human RNase Z (Fig. 3E), suggesting that 39-end

processing of the Men b transcript also yields a small tRNA-like

transcript. While mascRNA is broadly expressed in tissues and

cell lines (Fig. 3F; Wilusz et al. 2008), the MEN b/Men b tRNA-like

small RNA generally fails to accumulate to significant steady-

state levels. By Northern blot analysis, we were unable to detect

expression of the MEN b/Men b tRNA-like small RNA in C2C12,

EpH4-EV, or HeLa cells (Fig. 3F; data not shown), but were able to

detect expression in mouse liver. These data suggest that the

MEN b/Men b tRNA-like small RNA may be selectively stabilized

in a cell-type-specific manner.

Men e/b ncRNAs are localized to nuclear paraspeckles

The observed punctate distribution of Men e/b ncRNAs was fur-

ther examined to assess its colocalization with known nuclear

domains. We found that Men e/b and MEN e/b ncRNAs are not

enriched in PML bodies, Cajal bodies, or nuclear speckles in

mouse or most human cells (Supplemental Fig. 5). Only in HeLa

cells, among cells examined, the MEN e transcripts exhibited

a punctate distribution as well as a less intense speckle localiza-

tion (Supplemental Fig. 5B). However, consistent with the results

of a recent study (Hutchinson et al. 2007), MEN e/b commonly

localize in domains that are adjacent to nuclear speckles, sug-

gesting that they may be constituents of paraspeckles. We

established a C2C12 cell line stably expressing PSPC1 (also

known as PSP1a), a known paraspeckle component (Fox et al.

2002), fused to EYFP. To minimize cell-to-cell variation, clonal

selection was performed to isolate a single cell line, designated

C2C12 EYFP-PSPC1, for use in this study. By immunoblotting,

we confirmed that endogenous PSPC1 is expressed in both wile-

type (wt) C2C12 and C2C12 EYFP-PSPC1 cells (Fig. 4A, lanes

1,2), whereas the EYFP-PSPC1 fusion protein is detected only in

the C2C12 EYFP-PSPC1 cell line (Fig. 4A, lanes 2,6). The level of

endogenous PSPC1 is reduced in C2C12 EYFP-PSPC1 cells as

compared to wt C2C12 cells (Fig. 4A, lanes 1,2), indicating

a potential cellular response to control the total level of PSPC1.

To confirm that the C2C12 EYFP-PSPC1 cells allow accurate

visualization of paraspeckles, a plasmid expressing mCherry

fused to NONO (also known as p54/nrb), another known para-

speckle component (Fox et al. 2005), was transfected into C2C12

EYFP-PSPC1 cells. As expected, EYFP-PSPC1 and mCherry-

NONO colocalize in paraspeckles (Fig. 4B).

Using the C2C12 EYFP-PSPC1 cells, we found that RNA FISH

probes to Men e/b colocalize with EYFP-PSPC1, indicating that the

Men e/b ncRNAs are, indeed, localized to nuclear paraspeckles (Fig.

4C). Since A-to-I hyper-editing within inverted repeats of the 39-

UTR of CTN-RNA was shown to act as a nuclear retention signal

(Prasanth et al. 2005), we examined Men e transcripts for evidence

of inverted repeats and/or hyper-editing. In contrast to CTN-RNA,

the Men e transcripts lack any repeats, while the long Men b ncRNA

contains many repetitive elements. Upon searching for evidence

of A-to-I hyper-editing in a mouse EST database, a single 106-nt

region near the 39-end of Men e contained within EST clone

AA709912 exhibited a significant level of hyper-editing (11 out of

24 As were sequenced as a G, indicative of A-to-I editing). How-

ever, subsequent cDNA cloning from C2C12 cells failed to identify

any additional evidence that the Men e/b transcripts are A-to-I

hyper-edited (data not shown).

Next, we investigated whether the Men e/b transcripts

interact with NONO. A mouse monoclonal antibody to NONO,

designated 9-99, was generated (Fig. 4D) and used for coimmu-

noprecipitation (Co-IP) experiments using C2C12 cells. Two other

bona fide components of paraspeckles, SFPQ (also known as Psf)

and PSPC1, were coprecipitated along with NONO (Fig. 4E), as has

been reported previously (Fox et al. 2005; Kuwahara et al. 2006).

The IP fraction was next analyzed by RT-PCR for the presence of

Men e/b. Men e/b efficiently coimmunoprecipitated with NONO in

C2C12 cells (Fig. 4E) and in NIH3T3 cells (data not shown). Col-

lectively, our results demonstrate that both Men e/b transcripts

localize to paraspeckles and associate with NONO.

MEN e/b ncRNAs are essential components of nuclear
paraspeckles

It has previously been shown that RNase A treatment disrupts the

integrity of nuclear paraspeckles (Fox et al. 2005; Prasanth et al.

2005), suggesting that one or more RNA species might serve

a role in the structure and/or organization of these nuclear bodies.

Thus far, the only other known RNA present in paraspeckles is

CTN-RNA; however, knockdown of CTN-RNA by antisense oligo-

nucleotides (ASOs) did not have any effect on the integrity of

paraspeckles (Prasanth et al. 2005). To address whether the MEN

e/b transcripts are essential for the structural integrity of nuclear

paraspeckles, we depleted the level of MEN e/b using ASOs in HeLa

cells stably expressing EYFP-PSPC1.

Three ASOs (ASO 1, 2, and 3) were targeted near the 39-end of

the MEN e transcript such that they knock down both the MEN e
and MEN b transcripts (Fig. 5A). Similarly, one ASO (ASO 4) was

targeted near the 39-end of the MEN b transcript such that it

knocks down only the MEN b isoform (Fig. 5A). When these ASOs

were independently transfected into HeLa EYFP-PSPC1 cells,

;70% knockdown of MEN e/b (ASO 1, 2, or 3) and 50% knock-

down of MEN b (ASO 4) were observed by Q-PCR analysis 24 h

post-transfection (Fig. 5B). The knockdown of MEN e and/or b

transcripts by the complementary ASOs and not by a control ASO

was confirmed by RNA FISH (Fig. 5C). Interestingly, paraspeckles

were disrupted in ;80% of cells transfected with ASOs 1, 2, or 3 to

the MEN e/b transcripts as visualized by the loss of EYFP-PSPC1

foci, while the control ASO had no effect on the integrity of par-

aspeckles (Fig. 5C,D). Knockdown of the MEN b transcript specif-

ically by ASO 4 also caused the disruption of paraspeckles,

although to a lesser extent (Fig. 5C,D). A similar result was ob-

served when wt HeLa cells were treated independently with ASOs

1–4 and paraspeckles were examined by immunofluorescence us-

ing the 9-99 monoclonal antibody that reacts with both PSPC1

and NONO from HeLa lysate (Supplemental Fig. 6). A small pop-

ulation of cells transfected with ASO 4 exhibited paraspeckles that

were colocalized only with MEN e transcripts, but not with MEN b

transcripts, demonstrating that MEN e transcripts unambiguously

localize to paraspeckles and are sufficient for paraspeckle in-

tegrity (Supplemental Fig. 6B). These results show that both MEN

e/b transcripts are essential for the maintenance of nuclear

paraspeckles.

One possible explanation for the observed disruption of

paraspeckles is that the loss of the MEN e/b transcripts causes
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the degradation of EYFP-PSPC1. To clarify whether the level of

EYFP-PSPC1 proteins was changed after knockdown of the

MEN e/b transcripts, we performed immunoblotting using an

anti-PSPC1 antibody. While the level of MEN e/b transcripts was

reduced by transfection of the ASOs, PSPC1 remained relatively

stable upon ASO treatment (Fig. 5E), providing further support that

MEN e/b are involved in the structural organization of nuclear

paraspeckles.

Figure 4. Men e/b transcripts are localized to nuclear paraspeckles. (A) A C2C12 cell line stably expressing EYFP fused to PSPC1 (also known as PSP1a)
was established. Immunoblotting showed that the endogenous PSPC1 level was reduced in (lane 2, lower band) C2C12 EYFP-PSPC1 stable cells
compared to in (lane 1) wt C2C12 cells. (Lanes 3,4) Lamin B1 served as a loading control in a duplicate blot. (Lanes 5,6) After stripping the anti-Lamin B1
antibody, immunoblotting using an anti-GFP antibody confirmed that the band at ;100 kDa corresponds to EYFP-PSPC1. (*) Residual Lamin B1 signal.
(B) mCherry fused to NONO (also known as p54/nrb) was transiently expressed in C2C12 EYFP-PSPC1 stable cells. The foci of mCherry-NONO are
colocalized with EYFP-PSPC1. Scale bar, 10 mm. (C) RNA FISH analysis showed that the Men e/b transcripts are localized to paraspeckles. A probe that
detected both the Men e and Men b transcripts, as well as a probe that only detects Men b, exhibit the same localization patterns. Scale bar, 10 mm. (D) A
mouse monoclonal antibody to NONO, designated 9-99, was generated. Immunoblotting analysis using C2C12 whole-cell lysate detected a single band
confirming the specificity of the 9-99 monoclonal antibody. (E) A coimmunoprecipitation assay revealed that the Men e/b transcripts directly interact with
NONO. Immunoblotting using anti-PSPC1 or anti-SFPQ antibodies after co-IP showed that PSPC1 and SFPQ (also known as Psf) directly interact with
NONO. Ten percent input was used for immunoblotting. cDNA was generated using random hexamers from the IP fraction. RT-PCR revealed the existence
of the Men e/b transcripts in the NONO protein complex. Both Men e/b transcripts are ;20-fold enriched in the same IP fraction, assessed by Q-PCR. Gapdh
was used as a normalization control in Q-PCR. The data in the histogram are shown as mean and standard deviation values of three technical replicates.
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Figure 5. The MEN e/b transcripts are essential for the integrity of nuclear paraspeckles. (A) Antisense oligonucleotides (ASO) were designed to knock
down MEN e/b or MEN b expression in HeLa cells. Three ASOs (ASO 1, 2, and 3) target both MEN e and b isoforms, while ASO 4 targets only the MEN b

transcript. (Arrows) The positions where each ASO targets the MEN e/b transcripts. (B) Twenty-four hours after transfection of ASOs into HeLa cells stably
expressing EYFP-PSPC1 (also known as PSP1a), an ;70% knockdown of MEN e/b (ASO 1, 2, or 3) or 50% knockdown of MEN b (ASO 4) was achieved, as
assessed by Q-PCR. Beta-actin was used as a normalization control. The data in the histogram are shown as mean and standard deviation values of three
independent experiments. (C) RNA FISH was performed 24 h after HeLa EYFP-PSPC1 cells were transfected with a control ASO or ASOs targeting the MEN
e/b or b transcript, to identify cells in which the RNAs were knocked down. In cells transfected with the control ASO, MEN e/b transcripts are localized to
paraspeckles. Cells transfected with ASO 3 or 4 did not show paraspeckles. (Arrows) Residual paraspeckles in a cell where knockdown of the MEN b

transcript was not complete. Scale bar, 10 mm. (D) The portion of paraspeckle-positive cells was reduced to ;20% by ASO 1, 2, or 3, while control ASO
did not appear to influence the integrity of paraspeckles. Treatment with ASO 4 resulted in a loss of paraspeckles, although to a lesser extent. The data in
the histogram are shown as mean and standard deviation values of three independent experiments. Approximately 100 cells were counted per ex-
periment. (E) Knockdown of the MEN e/b transcripts did not result in degradation of the PSPC1 protein. Lamin B1 serves as a loading control.
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MEN e/b transcripts are required for the de novo
formation of paraspeckles

It was previously shown that upon RNA polymerase II inhibition,

paraspeckles are re-localized to the periphery of nucleoli forming

nucleolar caps (Fox et al. 2002). After HeLa cells were treated with

5,6-dichlorobenzimidazole 1-b-D-ribofuranoside (DRB) for 1 h,

EYFP-PSPC1, indeed, formed nucleolar caps (Fig. 6A; Supplemen-

tal Fig. 7A). To be certain that DRB treatment did not affect the

phosphorylation state of PSPC1, its migration rate on SDS-PAGE

was examined 6alkaline phosphatase treatment. Alkaline phos-

phatase treatment caused a band shift (Supplemental Fig. 7B, lanes

2,3), suggesting that PSPC1 is phosphorylated. However, DRB

treatment did not affect the phosphorylation state of PSPC1

(Supplemental Fig. 7B). Upon DRB treatment, the MEN e/b tran-

scripts failed to remain colocalized with EYFP-PSPC1 (Fig. 6A).

MEN b transcripts now exhibited a diffuse nuclear localization,

while MEN e transcripts became concentrated only at nuclear

speckles (Fig. 6A; Supplemental Fig. 7C). Since the half-life of MEN

e/b is ;4 and 8 h (data not shown), respectively, the observed

change in RNA localization resulted from redistribution rather

than degradation. These data suggest that active transcription is

required for MEN e/b localization to paraspeckles. Upon release

from RNA polymerase II inhibition, paraspeckles were reformed

within 2 h and contained the MEN e/b transcripts (Fig. 6A).

To next address whether the MEN e/b transcripts are essential

for the initial formation of paraspeckles, we depleted MEN e/b
expression in HeLa cells by ASO transfection followed by DRB

treatment and release (Fig. 6B). When the level of MEN e/b or MEN

b transcripts was assessed by Q-PCR 6 h after ASO transfection,

40%–80% knockdown of MEN e and/or b expression was achieved

by ASOs 1–4 (Fig. 6C). The depletion of both MEN e/b transcripts

(by ASO 1, 2, and 3) or MEN b transcripts alone (by ASO 4) resulted

in suppression of paraspeckle reformation after release from DRB

treatment (Fig. 6B,D), suggesting that the MEN e/b transcripts are

required for the reformation of paraspeckles. ASO 4, which ex-

clusively targets MEN b transcripts, suppressed the reformation of

nuclear paraspeckles, but to a lesser degree (Fig. 6B,D). Our data

suggest that both the MEN e/b transcripts are required for the

initial formation of paraspeckles.

Discussion
In the present study, we have identified 184 ncRNAs that are up- or

down-regulated more than twofold upon C2C12 myoblast differ-

entiation into myotubes. We have focused on the Men e/b locus,

which yields two long ncRNAs localizing to nuclear paraspeckles.

Men e and Men b ncRNAs are transcribed from the same RNA

polymerase II promoter but differ in the location of their 39 ends.

While the Men e transcript is polyadenylated, the 39-end of the Men

b transcript is generated by RNase P cleavage after a short

genomically encoded poly(A)-rich tract. Depletion of the MEN e/b
transcripts from cells resulted in the disruption of paraspeckles.

Our data demonstrate that the MEN e/b transcripts are essential for

establishing paraspeckles de novo as well as for maintaining the

structural integrity of paraspeckles in cell nuclei.

MEN e/b ncRNAs as a structural platform of paraspeckles

Mammalian nuclei are highly compartmentalized organelles har-

boring numerous nuclear domains including, but not limited to,

nucleoli, speckles, PML bodies, Cajal bodies, and paraspeckles (for

review, see Spector 2001, 2006). The molecular components re-

sponsible for organizing and maintaining the structural integrity

of nuclear domains are largely unknown except that the pro-

myelocytic leukemia (PML) protein is required for the mainte-

nance of PML bodies (Dyck et al. 1994). The idea that RNA may

serve a structural and/or organizational role in the cell nucleus

surfaced early on in biochemical and cell biological studies

(Smetana et al. 1963; Berezney and Coffey 1974; Perry et al. 1974;

Brawerman and Diez 1975; Herman et al. 1976; Fey et al. 1986).

Interestingly, paraspeckles were previously shown to be sensitive

to RNase A treatment (Fox et al. 2005; Prasanth et al. 2005). Here

we show that the MEN e/b ncRNAs are essential for the structural

integrity of paraspeckles in cell nuclei (Figs. 5, 6). Several para-

speckle proteins including PSPC1, SFPQ, and NONO contain two

RNA recognition motifs. We demonstrate that the Men e/b tran-

scripts are in the same complex as NONO, PSPC1, and SFPQ,

suggesting that this RNP complex is likely involved in establishing

paraspeckles. Upon transcriptional inhibition, PSPC1 and SFPQ

relocalize to the periphery of nucleoli (Fox et al. 2002, 2005).

Surprisingly, the MEN e/b transcripts do not follow PSPC1 and

SFPQ to the nucleolar cap, but instead localize to speckles as well as

being diffusely distributed within the nucleoplasm, respectively

(Fig. 6). Further studies are required to elucidate the signals re-

ceived by paraspeckles allowing them to respond to the tran-

scriptional activity of the cell and alter their nuclear organization.

Although paraspeckles were identified several years ago, their

function still remains elusive (Fox et al. 2002). Prasanth et al.

(2005) showed that paraspeckles serve as a storage depot for

a specific nuclear-retained RNA, CTN-RNA. However, knockdown

of CTN-RNA did not result in an alteration of paraspeckles

(Prasanth et al. 2005). Our report demonstrates that the structural

integrity of paraspeckles depends on the existence of RNA,

namely, the MEN e/b transcripts. However, we cannot rule out the

possibility that additional RNAs/RNPs may also play a role in the

organization of this nuclear compartment. Further characteriza-

tion of the MEN e/b ncRNAs will provide additional insights into

the structure and function of paraspeckles.

Dynamic regulation of ncRNAs during muscle differentiation

Studies of mammalian transcriptomes have suggested that

ncRNAs constitute a significant portion of the output of their

genomes (Carninci et al. 2005; Kapranov et al. 2007). Recently, the

regulation of long ncRNAs has been studied in various de-

velopmental processes including bovine muscle development

(Lehnert et al. 2007) and ES cell differentiation (Dinger et al.

2008). We have found large-scale changes in the regulation of

ncRNAs upon C2C12 muscle cell differentiation (Supplemental

Table 1), supporting the premise that ncRNAs are likely important

players, in terms of genomic output, rather than transcriptional

noise or non-functional RNAs. Since we only examined a small

subset of the known ncRNAs, there are presumably many more

that also exhibit dynamic expression change in muscle differen-

tiation and other developmental contexts. The biological func-

tions of these ncRNAs in muscle differentiation and cell biology

remain to be investigated.

In this study, we have focused on the Men e/b locus, which

yields two ncRNAs that localize to paraspeckles (Fig. 4). Men e/b
transcripts are 3.3-fold up-regulated during myoblast differentia-

tion (Fig. 1; Supplemental Table 1). Recently, the bovine ortholog

of the Men e transcript was shown to be 6.8-fold up-regulated

during the late stages of muscle development (Lehnert et al. 2007).
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However, Lehnert et al. (2007) argued that this observed up-reg-

ulation was due to the existence of multiple nuclei per myotube

causing nuclear-retained RNAs to be a larger portion of the total

RNA present in the myotubes rather than due to increased tran-

scriptional output of the Men e/b locus. Our results indicate that

the nuclear foci of Men e/b ncRNAs were enlarged in myotube

Figure 6. The reformation of paraspeckles after release from transcriptional inhibition is suppressed in MEN e/b-depleted cells. (A) Upon DRB treatment
for 1 h, EYFP-PSPC1 (also known as PSP1a) relocalized to the periphery of nucleoli. The MEN b transcript lost paraspeckle localization, while the MEN e
transcript relocalized to speckles. Upon removal of DRB and recovery for 2 h, paraspeckles reformed and colocalized with the MEN e/b transcripts. (B) Cells
were treated with ASOs to knock down MEN e/b expression prior to DRB treatment and recovery. In cells treated with a control ASO, paraspeckles re-
formed within 2 h of recovery. In contrast, paraspeckles did not re-form when MEN e/b (ASO 3) or MEN b alone (ASO 4) was depleted. (Arrows) Residual
paraspeckles in a cell where knockdown of the MEN e/b transcripts was not complete. Scale bar, 10 mm. (C) Q-PCR was used to assess the ASO knockdown
efficiency after 6 h of ASO treatment. A 40%–70% knockdown of MEN e/b (ASO 1, 2, or 3) or ;75% knockdown of MEN b (ASO 4) was achieved. Beta-
actin was used as a normalization control. The data in the histogram are shown as mean and standard deviation values of three independent experiments.
(D) The percentage of paraspeckle positive cells was reduced to 20%–30% by ASO 1, 2, or 3, while the control ASO did not influence the integrity of
paraspeckles. Treatment with ASO 4 also resulted in a loss of paraspeckles, although to a lesser extent. The data in the histogram are shown as mean and
standard deviation values of three independent experiments. Approximately 100 cells were counted per experiment.
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nuclei compared to myoblast nuclei (Fig. 1), suggesting that Men e/
b transcripts are, in fact, present at a higher level in myotubes. In

addition to muscle differentiation-related regulation, Men e tran-

scripts have been reported to be up-regulated in mouse brain

infected with Japanese encephalitis virus or Rabies virus (Saha

et al. 2006), although the biological significance of this induced

expression remains to be explored.

The MEN e/b locus has previously been reported to produce

a 0.5-kb ncRNA in human trophoblast that mapped to the 39 end

of the MEN e transcript. This RNA was called trophoblast STAT

utron (TSU) or trophoblast ncRNA (TncRNA) (Peyman 1999;

Geirsson et al. 2003a,b). In one case, it was suggested that TSU

binds to STAT1 in the cytoplasm to repress nuclear import of

the STAT1 protein (Peyman 1999). In another case, TncRNA

was reported to suppress class II and III transactivator promoters

resulting in the absence of major histocompatibility antigens

(MHC) in trophoblast (Geirsson et al. 2003a,b). However, we were

unable to detect this 0.5-kb RNA using human or mouse total pla-

centa RNA (data not shown). Furthermore, the MEN e/b transcripts

are exclusively retained in the nucleus (Hutchinson et al. 2007).

Processing of the Men e/b ncRNAs

The 39 end of the Men b transcript is generated by RNase P cleav-

age, rather than by the classical cleavage/polyadenylation ma-

chinery. The 39 end of another ncRNA, Malat1, was recently

shown to be generated by the tRNA processing machinery (Wilusz

et al. 2008). Curiously, the MALAT1/Malat1 locus is located im-

mediately adjacent to the MEN b/Men b locus, 55 kb or 23 kb

downstream from the 39 end of MEN b/Men b in the human and

mouse genomes, respectively. tRNA-like structures are located

immediately downstream from a genomically encoded poly(A)-

rich tract at the 39 ends of both the Men b and Malat1 nascent

transcripts. The tRNA-like structures are recognized by RNase P,

which cleaves to generate the 39-end of the mature Men b and

Malat1 transcripts. The Malat1 tRNA-like structure is further pro-

cessed by RNase Z and the CCA-adding enzyme, resulting in

a 61-nt tRNA-like mascRNA that is subsequently exported to the

cytoplasm (Wilusz et al. 2008). Somewhat surprisingly, a small

tRNA-like transcript originating from the MEN b/Men b locus failed

to accumulate to a significant steady-state level in many examined

tissues/cell lines, probably because it is rapidly degraded. The

mascRNA half-life is only ;1 h (Wilusz et al. 2008), suggesting that

the tRNA-like transcript may be inherently unstable. Consistent

with this notion, recent studies have revealed a large class of RNAs

that are rapidly degraded by the exosome, but can be stabilized by

mutations in exosome components (Wyers et al. 2005; Davis and

Ares 2006). Besides Men b transcripts and Malat1, it is not known

how many other RNA polymerase II transcripts are subject to 39-

end cleavage by RNase P.

In addition to being processed by a similar 39-end processing

mechanism, both Men b and Malat1 are stable nuclear-retained

RNAs. Men b localizes to paraspeckles, while Malat1 localizes to

speckles (Fig. 4; Hutchinson et al. 2007). A-to-I hyper-editing has

been suggested as one mechanism for RNA nuclear retention

(Kumar and Carmichael 1997; Zhang and Carmichael 2001;

Prasanth et al. 2005; Chen et al. 2008). Interestingly, one para-

speckle protein, NONO, was previously shown to be responsible

for nuclear retention of hyper-edited RNAs (Zhang and Carmi-

chael 2001). Of the known large nuclear-retained RNAs, CTN-RNA

was shown to bind to NONO and PSPC1 and its 39-UTR was sub-

ject to A-to-I hyper-editing (Prasanth et al. 2005). More recently,

NONO was shown to be colocalized with nuclear-retained RNAs

harboring hyper-edited inverted Alu repeats (Chen et al. 2008).

Although the Men e/b transcripts are a part of the NONO complex,

we were unable to detect any editing of the Men e/b transcripts in

C2C12 cells. In addition, Men e and Malat1 do not appear to

contain any inverted repeats, suggesting that there are likely ad-

ditional mechanisms for nuclear retention of RNA. Further char-

acterization of the Men e/b transcripts will determine whether any

sequence motifs or secondary structures serve as nuclear retention

or paraspeckle localization signals.

In summary, we have identified two ncRNAs that localize to

paraspeckles and are responsible for establishing and maintaining

these nuclear structures. Our data provide the first demonstration

that ncRNAs play a critical role in nuclear organization. Future

studies will focus on additional roles of ncRNAs in nuclear struc-

ture/function.

Methods

Cell culture and drug treatments
C2C12 and HeLa cells were grown at 37°C, 5% CO2 in DMEM
supplemented with 10% fetal bovine serum (FBS) and penicillin-
streptomycin. Differentiation of C2C12 myoblast cells into myo-
tubes was induced by incubation in DMEM supplemented with
10% horse serum for 5 d. RNA polymerase II was inhibited by DRB
(33 mg/mL; Sigma) for 1 h at 37°C.

Microarray analysis

Total RNA from C2C12 cells that had been induced to form
myotubes for 0 h, 24 h, or 5 d was isolated and treated with DNase
I (Invitrogen). RNA was then amplified and labeled using the
Amino Allyl Message Amp II kit (Ambion) and hybridized to
a previously described custom non-coding RNA microarray
(Dinger et al. 2008). The custom microarray design and microarray
expression from this study have been submitted to ArrayExpress
under Accession ID E-TABM-575.

RNA isolation and Northern blotting

TRIzol was used for all total RNA isolations as per the manu-
facturer’s instructions (Invitrogen). Ten micrograms of total RNA
from mouse tissues was separated by electrophoresis through a 1%
denaturing agarose gel and transferred to Hybond-N membrane
(GE Healthcare) by capillary transfer. Pre-hybridization and hy-
bridization were carried out in NorthernMax Prehyb/Hyb Buffer
(Ambion) at 42°C. Labeling of random-labeled probes was per-
formed using the Prime-It RmT Random Primer Labeling Kit
(Stratagene). Oligo probes were labeled with [g-32P]ATP using T4
polynucleotide kinase (New England Biolabs). Blots were visual-
ized and quantified using the Fujifilm Life Science FLA-5100 im-
aging system.

To map the 39 end of MEN b, 15 mg of HeLa total RNA was first
mixed with 20 pmol of antisense oligo and heated for 10 min to
65°C. After allowing the antisense oligo to anneal by slow cooling,
the RNA was treated with RNase H (New England Biolabs) for
30 min at 37°C and then subjected to small RNA Northern blot
analysis, as previously described (Wilusz et al. 2008). Primer and
probe sequences are included in the Supplemental Methods.

RNase protection assay (RPA)

Mouse beta-actin and Men b probes were internally labeled using
[a-32P]UTP and gel-purified. The RPA III kit (Ambion) was used as
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per the manufacturer’s instructions. Beta-actin and Men b probes
at 2000 cpm and 16,000 cpm, respectively, were allowed to hy-
bridize to 10 mg of total RNA from mouse tissues and C2C12 cells.
After unprotected nucleotides were digested by RNase T1 for 30
min at 37°C, samples were electrophoresed on 4% poly-
acrylamide/8 M urea gels.

In vitro cleavage assays

Mouse Men b RNA substrates were internally labeled using [a-
32P]UTP, gel-purified, and used at 10,000 cpm per cleavage re-
action. Partially purified HeLa RNase P was generously provided by
Sidney Altman (Yale University). RNase P reactions were incubated
for 1 h at 37°C in 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, and 100
mM NH4Cl. Recombinanat His-tagged tRNase ZL (delta30) was
generously provided by Masayuki Nashimoto (Niigata University),
and reactions were incubated for 30 min at 37°C in 10 mM Tris-
HCl (pH 7.5), 1.5 mM DTT, and 10 mM MgCl2. All reactions were
stopped by adding gel loading dye, and samples were electro-
phoresed on 8% polyacrylamide/8 M urea gels. The in vitro RNase
P cleavage site was cloned using the GeneRacer kit (Invitrogen)
according to the manufacturer’s instructions, except that CIP and
TAP treatments were omitted.

RNA FISH/microscopy

RNA FISH using nick-translated cDNA probes was performed as
previously described (Prasanth et al. 2005). Cells were examined
using an Axioplan 2i fluorescence microscope (Carl Zeiss) equip-
ped with a 633/1.4 N.A. objective lens and Chroma filters
(Chroma Technology). OpenLab software (Improvision) was used
to collect digital images from an ORCA cooled charge-coupled
device camera (Hamamatsu).

Establishment of EYFP-PSPC1 stable cell lines

EYFP-PSPC1 (Fox et al. 2002) was cloned into the pMSCV-Puro
vector (Clontech), which was then transfected into Phoenix
packaging cells. C2C12 or HeLa cells were infected by virus for 24 h
and were selected under 1.3 mg/mL or 0.35 mg/mL puromycin,
respectively, for 1 wk. FACS analysis was performed to isolate EYFP-
positive cells, followed by clonal selection.

Generation of 9-99 monoclonal antibody

GST-PSPC1 was expressed in BL21(DE3) cells using the pGEX-6P
system (GE Healthcare). PreScission Protease (GE Healthcare) was
used to cleave the GST tag from PSPC1. PSPC1 protein was then
injected into mice, hybridomas were established, and super-
natants from 96 hybridomas were screened for specificity of an-
tigen recognition by immunofluorescence microscopy and
immunoblotting. One of the supernatants, 9-99, specifically rec-
ognized mouse NONO instead of PSPC1 because of amino acid
homology between the two proteins, while it recognized both
human PSPC1 and NONO.

Q-PCR

For real-time quantitative PCR (Q-PCR), 1 mg of total RNA was
treated with DNase I (Invitrogen) and reverse-transcribed to cDNA
using TaqMan Reverse Transcription Reagents (Applied Bio-
systems). Gene-specific primer sets were designed using Primer 3
software. Q-PCR was carried out in triplicate using SYBR Green
PCR Master Mix (Applied Biosystems), and beta-actin served as an
endogenous normalization control.

Knockdown of MEN e/b transcripts

Second generation 29-O-methoxyethyl oligonucleotides were
synthesized at ISIS Pharmaceuticals to the target MEN e/b tran-
scripts and tested for their efficacy. All antisense oligonucleotide
sequences are included in the Supplemental Methods. Oligonu-
cleotides were administered at a final concentration of 200 nM to
HeLa cells using Lipofectamine RNAiMAX (Invitrogen). Cells were
incubated with a mixture of Lipofectamine RNAiMAX and oligo-
nucleotide in Opti-MEM I medium (Invitrogen) at 37°C, 5% CO2.
After 6 h, the transfection mixture was aspirated from the cells and
replaced with fresh DMEM supplemented with 10% FBS and in-
cubated at 37°C, 5% CO2 for an additional 16–18 h prior to assays.

Coimmunoprecipitation

C2C12 cell lysate was prepared in RIPA buffer containing Anti-
RNase (Ambion) and Complete Mini Protease Inhibitor (Roche
Diagnostics). Following lysate centrifugation, the supernatant was
incubated for 1 h at 4°C with antibody conjugated Dynabeads
Protein A (Invitrogen). Beads were then washed four times in RIPA
buffer. Eighty percent of the IP material was used for extraction of
RNA using TRIzol (Invitrogen) and subsequent RT-PCR.
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