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Type I myotonic dystrophy (DM1) is caused by a triplet repeat
expansion in the 3’-untranslated region (UTR) of the dystrophia
myotonia protein kinase (DMPK) gene. Pathogenesis is closely
linked with production of a toxic RNA from the mutant allele,
which interferes with function of several RNA-binding proteins,
including CUGBP1. Here we show that expression of a mutant
DMPK 3’-UTR containing 960 CUG repeats is sufficient to
increase expression and stability of an mRNA encoding the
potent proinflammatory cytokine, tumor necrosis factor (TNF).
CUGBP1 specifically recognizes sequences within the TNF
3'-UTR that are dissimilar from its canonical UG-rich binding
site. Depletion of CUGBP1 from mouse myoblasts results in
increased abundance of TNF mRNA through stabilization of the
transcript. Moreover, activation of the protein kinase C pathway
by treatment with phorbol ester, which has been shown previ-
ously to result in CUGBP1 phosphorylation, also causes TNF
mRNA stabilization. Our results suggest that the elevated serum
TNF seen in DM1 patients may be derived from muscle where it
is induced by expression of toxic DMPK RNA. Importantly,
overexpression of this potent cytokine could contribute to the
muscle wasting and insulin resistance that are characteristic of
this debilitating disease.

Myotonic dystrophy type I (DM1)? is a debilitating autoso-
mal dominant disorder caused by a triplet CTG repeat expan-
sion in the 3’-untranslated region (UTR) of the dystrophin
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myotonia protein kinase (DMPK) gene (1-3). The disease is
characterized by myotonia, progressive muscle wasting, insulin
resistance, and cardiac conduction defects (4). Although some
of the symptoms of DM1 may be attributed to reduced levels of
the DMPK protein, much of the disease pathogenesis is reca-
pitulated by expression of the mutant DMPK 3’-UTR (5, 6), or
even by elevated expression of the wild type DMPK 3'-UTR (7),
in otherwise normal mice. This is, at least in part, because tran-
scripts containing the expanded CUG repeat accumulate in
nuclear foci where they sequester cellular proteins (8).

The function of two RNA-binding proteins, CUGBP1 (CUG-
binding protein 1) and MBNL (Muscleblind), is profoundly
affected in DM1 patient cells. MBNL associates with the repeat-
containing mRNA and is confined to nuclear foci (8), whereas
CUGBP1 is overexpressed and hyperphosphorylated in the
nucleus (9, 10). There is also evidence that CUGBP1 may be
depleted from the cytoplasm (10). Interestingly, CUGBP1 and
MBNL are both splicing regulators that play antagonistic roles
in splice site selection. Consistent with this, several clinically
relevant mRNAs, including the muscle-specific chloride chan-
nel (11), the insulin receptor (12), and cardiac troponin T (13),
exhibit aberrant splice patterns in DM1 patient cells.

Several studies have indicated that aberrant function of
CUGBP1 is a key factor in development of DM1 (5, 6, 14), and it
is therefore important to consider other cellular functions of
this protein that may be affected. It has been known for some
time that CUGBP1 regulates cytoplasmic events in addition to
modulating splicing in the nucleus. Specifically, CUGBP1 binds
to the 5'-UTR of C/EBP and p21 mRNAs and affects transla-
tion efficiency (15, 16). Reduced p21 translation in DM1
because of aberrant CUGBP1 function has been linked with
impaired differentiation of muscle cells (15). CUGBP1 has
also recently been implicated as an mRNA destabilizing fac-
tor associated with short lived mRNAs (17), and we previ-
ously showed that CUGBP1 is involved in the decay of TNF
mRNA in vitro (18).

Although aspects of DM1 pathogenesis may be linked to
aberrant splicing or translation of clinically relevant mRNAs,
several important symptoms have yet to receive an adequate
molecular explanation. For example, muscle wasting, a major
symptom of DM1, cannot be readily explained by any of the
splicing changes identified to date. Previous studies have sug-
gested that levels of the TNF cytokine are elevated in DM1
patients (19, 20), and excess TNF has been strongly linked with
muscle wasting, insulin resistance, and cardiac dysfunction, all
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of which are seen in DM1. However, it remains unclear whether
excess TNF production is a primary symptom caused directly
by the repeat expansion or is an inflammatory response to the
disease state.

Here we show that expression of a mutant DMPK 3'-UTR
containing 960 CUG repeats in mouse myoblasts is sufficient to
increase the expression of TNF mRNA. Significantly, this is
achieved through stabilization of the TNF transcript. As men-
tioned above, CUGBP1 is a protein whose function is affected in
DM1. We show that CUGBP1 recognizes multiple sequence
elements within the TNF 3’-UTR and binds with high affinity.
Moreover, depletion of CUGBP1 from mouse myoblasts results
in stabilization of TNF mRNA. Finally, activation of protein
kinase C (PKC), which has been shown to phosphorylate
CUGBP1 (9), also stabilizes the TNF transcript. We conclude
that the expression of expanded CUG repeat RNA in DM1
interferes with the cytoplasmic function of CUGBP], resulting
in a significant increase in TNF mRNA abundance and stability
in muscle cells. Changes in TNF expression in muscle could
therefore contribute to aspects of DM1 pathogenesis.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Selection of Cell Lines—Mu-
rine C2C12 myoblasts (ATCC CRL1772) were maintained at
37 °C, 5% CO, at or below 60% confluency in Dulbecco’s mod-
ified Eagle’s media containing 10% fetal bovine serum, penicil-
lin (10 units/ml), and streptomycin (10 wg/ml). Plasmid DNA
was treated with Mirus endotoxin removal agent prior to being
transfected into C2C12 cells. Transfection was accomplished
with Lipofectamine™ 2000 (Invitrogen) using a reverse trans-
fection approach that gives ~70—80% efficiency (21).

For selection of the LKO-1 and CUGBP1 KD C2C12 cell
lines, either empty LKO-1 plasmid or LKO-1 plasmid contain-
ing an shRNA sequence against the 3’-UTR of murine CUGBP1
(Sigma MISSION clone ID NM_198683) was transfected into
C2C12 cells. Two days post-transfection, cells were switched to
media containing puromycin (1.5 ug/ml). Single colonies were
selected, and expression of CUGBP1 was assessed by qRT-PCR
(using primers CUGBP-forward 5'-GATCAGTGCAGCGTC-
TGTGT-3" and CUGBP-reverse 5'-GTGTTGAGGTTCCCA-
GAGGA-3’) and corroborated by Western blot.

For transient siRNA-mediated knockdown of CUGBP1
expression, a CUGBP1 siRNA (5'-UUUGGCUGCACUAGCU-
GCU-3'(22)) or control siRNA (Silencer® Negative Control 1;
Ambion) was transfected into C2C12 cells using Mirus TKO
reagent according to the manufacturer’s instructions. TNF
mRNA half-life and CUGBP1 expression levels were assessed
after 24 h.

For experiments involving TPA treatment, 100 ng/ml of TPA
(Sigma) or an equivalent volume of DMSO was added, and cells
were incubated for 3 h prior to either cell fractionation or half-
life measurement.

Half-life Analysis—Transcription inhibition was achieved
by addition of actinomycin-D (8 ug/ml; Sigma) for a period
of 20 min. Cells were collected in TRIzol™ (Invitrogen) at
the indicated time points post-transcription inhibition. Total
RNA was isolated, and 1-3 g were reverse-transcribed using
Improm II reverse transcriptase (Promega) and reverse primers
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specific for either GAPDH or TNF. GAPDH and TNF mRNA lev-
els were determined by real time PCR using a Bio-Rad MyIQ ther-
mocycler and Bio-Rad SYBR-Green Supermix. Primers were
GAPDH-forward 5'-TCACCACCATGGAGAAGGC-3/,
GAPDH-reverse 5'-GCTAAGCAGTTGGTGGTGCA-3', TNEF-
forward 5'-CATCTTCTCAAAATTCGAGTGACAA-3’, and
TNF-reverse 5'-TGGGAGTAGACAAGGTACAACCC-3'. Data
were analyzed using the AACt method (23). Data shown repre-
sents the mean values from at least three independent experi-
ments; error bars represent mean * S.E.

Gel Shift Analysis—RNAs were in vitro transcribed and
labeled with [a-*>’P]JUTP using SP6 RNA polymerase from
pGem TNF (18), pGem ARE (24), pGem TNFA (18), and
pGem4 plasmids. pGem TNF contains 250 nts of 3'-UTR
sequence flanking the ARE of TNF (Fig. 14) (18). pGem ARE
contains just the 34-nt ARE from TNF mRNA. pGem TNFA is
derived from pGem TNF by deletion of 53 nts containing the
ARE, and pGem4 is a cloning vector from Promega and was
used to generate the control Gem RNA. All plasmids were lin-
earized with HindIII prior to transcription.

Increasing amounts of recombinant CUGBP1 purified as
described (18) were incubated with 3 fmol of the indicated RNA
in the presence of 20 units of RNase inhibitor, 0.15 mm spermi-
dine, 20 mm HEPES (pH 7.9), 8% glycerol, 100 mm KCl, and 2
mMm MgCl, for 5 min at 30 °C in a total volume of 10 ul. Low
molecular weight heparin (Sigma) was added to a final concen-
tration of 4 ug/ul. Samples were chilled on ice for an additional
5 min, and 2 ul of loading buffer (0.5% bromphenol blue, 0.5%
xylene cyanol, 30% glycerol) was added, followed by electro-
phoresis at room temperature on 5% native polyacrylamide gels
in 1X TBE buffer at ~10 V/cm. Gels were dried and then
exposed to phosphor screen and visualized by Phosphor-
Imaging using a Typhoon Trio Imager (GE Healthcare) or FX
Personal Imager (Bio-Rad) and the accompanying software.

The fraction of RNA bound was calculated by quantifying the
amount of RNA associated with protein and dividing it by the total
amount of RNA in each lane. Graphpad Prism version 5.0 (Graph-
pad Software, San Diego) was used to plot the graphs shown, and
dissociation constants (K ;) were defined as the protein concentra-
tion required to achieve half-maximal binding at equilibrium.

Fractionation of Cell Membranes—Cell fractionation was
performed as described (25). Briefly, LKO-1 cells and CUGBP1
KD cells were plated on 100-mm dishes 24 h before the exper-
iment. Following 3 h of incubation with TPA or DMSO, cells
were washed with phosphate-buffered saline and harvested by
cell scraping in phosphate-buffered saline. The cells were pel-
leted by centrifugation at 1000 X g for 5 min and then resus-
pended in 300 ul of buffer A containing 10 mm KCl, 10 mm
HEPES (pH 7.9), 0.5 mm dithiothreitol, and 1.5 mm MgCl,.
After 30 min of incubation on ice, the cell suspension was lysed
by passing through a 25-gauge needle 10 times without damag-
ing nuclei. Lysates were spun in a microcentrifuge at 12,000
rpmat4 °C for 5 min to pellet nuclei and membranes. The pellet
was incubated with 100 ul of buffer A containing 1% Triton
X-100 for 30 min to solubilize the membrane proteins. The
samples were then centrifuged for 5 min at 12,000 X g, and the
resulting supernatants containing solubilized membranes were
used in Western blots to detect phosphorylated PKC.
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Western Blot Analysis—For CUGBP1 Westerns, 40 ug of
whole protein extract prepared by lysis of cells in RIPA buffer
(50 mm Tris-HCI (pH 7.4), 150 mm NaCl, 1.0% deoxycholate,
1% Triton X-100, 1 mM EDTA, and 0.1% SDS) was separated on
a 10% SDS-polyacrylamide gel and blotted to polyvinylidene
difluoride membrane. CUGBP1 was detected using mono-
clonal antibody 3B1 (1:20,000 dilution; Santa Cruz Biotechnol-
ogy, catalog number 20003). GAPDH was used as a loading
control (1:20,000 dilution; Chemicon mAB374).

For detection of phosphorylated PKC by Western blotting,
10 pg of membrane fraction proteins prepared as described
above were separated on a 10% SDS-polyacrylamide gel and
blotted to polyvinylidene difluoride membrane. Phosphoryl-
ated PKC was detected using rabbit anti-pPKC antibodies that
recognize phosphorylated PKCa and PKCPII (1:2000 dilution;
Santa Cruz Biotechnology, catalog number sc12356-R). Abun-
dance was normalized to that of the transferrin receptor
(1:2000 dilution; Zymed Laboratories Inc., catalog number
13-6800). In all cases, anti-mouse or anti-rabbit horseradish
peroxidase-conjugated secondary antibodies were employed as
appropriate, and detection was by the Supersignal Pico West kit
(Pierce) or by ECL plus (GE Healthcare) using either x-ray film
or a Bio-Rad VersaDoc imager.

RESULTS

Expression of Mutant DMPK 3'-UTR Stabilizes TNF mRNA
in Myoblasts—We wished to test whether the altered cellular
conditions induced by an expanded CUG repeat in the DMPK
gene can result in changes in TNF expression. We chose to
examine TNF mRNA abundance in C2C12 mouse myoblasts
because of the following: (i) muscle cells express DMPK, and
muscle is the main tissue affected in DM1 patients; (ii) expres-
sion of a mutant DMPK 3'-UTR containing expanded CUG
repeats has been shown to result in impaired differentiation and
accumulation of nuclear foci in this cell line (26, 27); and (iii)
C2C12 cells constitutively express TNF at low levels (28). We
investigated the effects of expressing DMPK 3'-UTR contain-
ing 960 CUG repeats (DT960) or completely lacking CUG
repeats (DMPKS) on TNF mRNA abundance. We used two
constructs derived from the human DMPK gene that have been
described previously (13, 29) because they maintain the CUG
repeats in their natural context. This is a critical factor in mouse
and cell culture models of DM1 (5, 27). The 960 repeats in the
DT960 construct were selected to approximate the number of
CUG repeats known to cause adult onset DM1 in patients (80 —
1000 repeats (1-3)). In contrast, the DMPKS construct has zero
repeats rather than the five repeats seen in the normal gene
because constructs expressing the normal DMPK 3’-UTR can
cause disease when overexpressed in mice (7).

Abundance of TNF mRNA was determined by qRT-PCR fol-
lowing transient transfection of DT960 and DMPKS into
C2C12 cells. As shown in Fig. 1B, the abundance of TNF mRNA
was reproducibly increased greater than 2-fold in the DT960-
transfected cells when compared with those transfected with
DMPKS. Significantly, this increase in TNF mRNA abundance
is observed only with the DT960 construct despite the fact that
it is expressed at lower levels than DMPKS (supplemental Fig.
1). This indicates that the presence of the expanded CUG repeat
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FIGURE 1. Expression of DMPK 3’-UTR containing 960 CUG repeats stabi-
lizes TNF mRNA. A, schematic depicting DMPKS and DT960 constructs used
to express normal and expanded repeat DMPK 3’-UTR. B, relative abundance
of TNF mRNA was determined in C2C12 cells transiently transfected with
either DMPKS or DT960 plasmids. C, half-life of TNF mRNA was determined by
gRT-PCR in C2C12 cells following transfection with DMPKS or DT960 plas-
mids. The graphs represent cumulative data from multiple independent
experiments.
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is essential for increased TNF expression. Although both
DT960 and DMPKS constructs are expressed at higher levels
than would be seen in patient cells (30), previous studies sug-
gest that the repeat context is more critical than the number of
repeats or their expression level with regards to disease patho-
genesis (5, 27, 31).

We hypothesized that decay of the TNF transcript may be
affected in the DT960-transfected cells, and we therefore meas-
ured the stability of the transcript following inhibition of tran-
scription with actinomycin D. Total RNA samples were taken at
the indicated time points after transcription inhibition, and
abundance of TNF mRNA for each was determined by qRT-
PCR and normalized to GAPDH mRNA levels. GAPDH mRNA
is stable over the time course utilized here. In the DMPKS-
transfected cells, TNF mRNA degraded rapidly with a half-life
of 6.8 £ 0.1 min. This rapid decay is typical of a transcript
containing an ARE and is comparable with the decay rate of
TNF mRNA in untransfected cells (see below). In contrast, in
the DT960-transfected cells TNF mRNA was dramatically sta-
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A UUAGGCCUUC CUCUCUCCAG AUGUUUCCAG ACUUCCUUGA GACACGGAGC CUGBP1 binds the TNF ARE, we
CCAGCCCUCC CCAUGGAGCC AGCUCCCUCU AUUUAUGUUU GCACUUGUGA employed a gel shift assay using
UUAUUUAUUA UUUAUUUAUU AUUUAUUUAU UUACAGAUGA AUGUAUUUAU recombinant CUGBP1 and radiola-
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FIGURE 2. CUGBP1 recognizes the AU-rich element and flanking regions within the TNF 3’-UTR.
A, sequence of the 250-nt region flanking the ARE in the TNF 3’-UTR. The 34-nt AU-rich sequence contained
within Gem ARE is in boldface. The region deleted in Gem TNFA is underlined. UGU trimers that may be recog-
nized by CUGBP1 are highlighted in gray. B, gel shift analysis of CUGBP1 binding to Gem TNF and Gem RNAs.
Increasing nanomolar amounts of CUGBP1 protein were incubated with either Gem TNF or Gem RNAs, and
complexes were separated on a native polyacrylamide gel. Binding was plotted as fraction of RNA bound
against nm of CUGBP1 to determine the dissociation constant (K,,). G, gel shift analysis CUGBP1 binding to Gem

ARE RNA. D, gel shift analysis of CUGBP1 binding to Gem TNFA RNA.

bilized, degrading with a half-life of 20.4 * 1.8 min (Fig. 1C).
These data demonstrate that expression of the mutant DMPK
3'-UTR is sufficient to induce stabilization of TNF mRNA in
C2C12 myoblasts.

CUGBP1 Binds to the TNF 3'-UTR with High Affinity—We
showed previously, by UV cross-linking, that CUGBP1 binds to
a 250-nt fragment of the TNF 3’-UTR in HeLa extracts (18).
Binding of CUGBP1 results in rapid deadenylation in vitro
through recruitment of the PARN deadenylase (18). These
observations, together with the fact that CUGBP1 function is
known to be aberrant in DM1, strongly suggested that CUGBP1
was likely linked with the TNF mRNA stabilization seen in
DT960-transfected cells. However, close examination of the
250 nts of the region previously shown to bind CUGBP1 (Fig.
2A) does not reveal any elements that closely resemble charac-
terized high affinity CUGBP1-binding sites such as the exten-
sive UG-rich sequences identified by systematic evolution of
ligands by exponential enrichment (32). A related protein,
CUGBP2/ETRS3, has been reported to bind to the AU-rich ele-
ment (ARE) in the COX-2 mRNA 3’-UTR (33), so it seemed
possible that CUGBP1 might recognize the well characterized
AU-rich element in the TNF 3’-UTR. To determine whether
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binding affinity was only slightly
reduced (K, = 6.6 = 0.7 nm). Taken
together these data indicate that
high affinity binding of CUGBP1 to
Gem TNF may occur through
simultaneous recognition of multi-
ple sequence elements, including
the ARE and perhaps UGU trimers distributed throughout the
flanking regions.

CUGBP1 Is Required for Rapid Degradation of TNF mRNA in
C2C12 Myoblasts—We next wanted to examine whether decay
of TNF mRNA was affected by depletion of CUGBP1. C2C12
cells were transfected either with empty vector (LKO-1) or with
a plasmid expressing an shRNA targeting the 3’-UTR of all
CUGBP1 mRNA isoforms. Stable cell lines were selected and
screened for reduced expression of CUGBP1 by Western blot.
A stable cell line exhibiting >90% knockdown of CUGBP1
(CUGBP1 KD) was utilized in all subsequent experiments (Fig.
3A). We measured abundance of TNF mRNA by qRT-PCR in
the knockdown and control (LKO-1) cell lines and normalized
it to GAPDH mRNA levels. As shown in Fig. 38, TNF mRNA
abundance is increased ~4-fold in the knockdown cell line. To
measure the half-life of the TNF mRNA in normal C2C12, con-
trol (LKO-1), and CUGBP1 KD cells, we first treated the cells
with actinomycin D to inhibit transcription. Samples were
taken at various times after transcription inhibition, and total
RNA was prepared. Abundance of TNF mRNA at each time
point was determined by qRT-PCR and normalized to GAPDH
mRNA levels, as before. The decay of TNF mRNA in each of the
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human CUGBP1 transcript is resist-
ant to the shRNA expressed in these
cells, hCUGBP1 was expressed at
high levels (Fig. 3D). In the CUGBP1
KD cells that received empty vector,
TNF mRNA was stable decaying with
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FIGURE 3. Depletion of CUGBP1 results in stabilization of TNF mRNA in mouse myoblasts. A, Western blot
depicting levels of CUGBP1 protein in untreated C2C12 cells and in C2C12 cells stably transfected with either
empty vector (LKO-1) or CUGBP1 shRNA (CUGBP1 KD). Note that all samples were run on the same gel and
exposed for the same time; lanes have been juxtaposed for esthetic purposes. B, relative abundance of TNF

mMRNA was determined by qRT-PCR in the LKO-1 and CUGBP1 KD cells and

abundance. G, rate of decay of TNF mRNA was assessed in C2C12, LKO-1, and CUGBP1 KD cells, following
inhibition of transcription with actinomycin D. mRNA abundance at each time point was measured by qRT-PCR
and normalized to GAPDH mRNA levels. D, LKO-1 and CUGBP1 KD cells were transiently transfected with either
empty vector (cDNA3.1) or a vector expressing human CUGBP1 (hCUGBP1). Expression of CUGBP1 was deter-
mined by Western blot and normalized to GAPDH levels. E, half-life of TNF mRNA was determined in CUGBP1
KD cells transiently transfected with either hCUGBP1 or empty vector (cDNA3.1).

30

a half-life of 30.4 = 1.26 min; how-
ever, transfection of the hCUGBP1
plasmid restored TNF mRNA decay
to the normal rate (t,, = 9.5 = 0.1
min; Fig. 3E).

We also used an siRNA targeting
a different region of the mouse
CUGBP1 transcript to transiently
knockdown CUGBP1 expression
and found that TNF was stabilized
under these conditions as well (sup-
plemental Fig. 2). These results
demonstrate that stabilization of
TNF mRNA in the CUGBP1 knock-
down cell line is directly because of
loss of CUGBP1 function.

Activation of Protein Kinase C Sta-
bilizes TNF mRNA through Modula-
tion of CUGBPI Function—A recent
study by Cooper and co-workers (9)
demonstrated that CUGBP1 is
hyperphosphorylated and overex-
pressed in DM1 patient cells. Fur-
thermore, phosphorylation of
CUGBP1 appears to be mediated by
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the PKC pathway. We therefore
investigated the effect of activating
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FIGURE 4. Phorbol ester stabilizes TNF mRNA through abrogation of CUGBP1 function. A, Western blot
showing increased association of pPKCa with membranes in LKO-1 and CUGBP1 KD cells following 3 h of
treatment with TPA. pPKCa levels were normalized to transferrin receptor abundance. B, relative abundance of
TNF mRNA was determined by qRT-PCR in LKO-1 and CUGBP1 KD cells following 3 h of treatment with TPA or

the PKC pathway on TNF mRNA
abundance and stability by treating
the control (LKO-1) and CUGBP1
KD cells with the phorbol ester
TPA. As shown in Fig. 44, 3 h of
TPA treatment did indeed activate
PKC as measured by increased asso-
ciation of the phosphorylated form
of the PKC protein (pPKC) with cel-
lular membranes. TPA treatment
resulted in increased abundance of
TNF mRNA in both the control and

20
Time Post Transcription Inhibition (min)

DMSO. G, half-life TNF mRNA was determined by qRT-PCR in LKO-1 cells following DMSO or TPA treatment.

D, half-life TNF mRNA was determined by qRT-PCR in CUGBP1 KD cells following DMSO or TPA treatment.

three cell lines (C2C12, LKO-1, and CUGBP1 KD) is depicted in
Fig. 3C. In the normal C2C12 cell line TNF is very unstable as
expected and decays with a half-life of 10.1 = 0.9 min. A similar
decay rate is seen in the control LKO-1 cell line (¢, = 9.4 *+ 0.4
min). However, the CUGBP1 KD cells show dramatic stabiliza-
tion of the TNF transcript (£, = 27.0 £ 3.5 min), indicating that
CUGBP1 is indeed required for rapid decay.

We utilized two approaches to confirm that the effect on TNF
mRNA decay was directly due CUGBP1 knockdown. First, we
transfected either empty vector (pcDNA3.1) or a plasmid encod-
ing the human CUGBP1 protein into the CUGBP1 KD cells. As the
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the CUGBP1 KD cell lines (Fig. 4B).
Moreover, TPA-treated control
cells exhibited stabilization of TNF mRNA to a similar level as
seen in the CUGBP1 knockdown cells (DMSO t, = 14.9 + 1.2
min, TPA #, = 32.7 £ 2.8 min; Fig. 4C). It is likely that both
transcription rate and stability of the TNF mRNA are elevated
under these drug-treated conditions as the ~2-fold increase in
half-life is not sufficient to explain the 10-fold increase in TNF
mRNA abundance seen in the LKO-1 control cells.

We next investigated the effect of TPA on TNF half-life in the
CUGBP1 knockdown C2C12 cell line. As expected, TNF
mRNA was stable in the CUGBP1 KD cells when treated with
DMSO (ti, = 31.4 =+ 4.1 min; Fig. 4D), but the transcript was not
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further stabilized by TPA treatment (¢, = 33.3 = 3.0 min).
Thus, in the absence of CUGBP1, TPA treatment no longer
impacts stability of the TNF transcript suggesting that disrup-
tion of CUGBP1 function is required for stabilization of TNF
mRNA in response to TPA.

We note that the increased abundance of TNF mRNA in the
CUGBP1 KD cells cannot be completely explained by stabiliza-
tion of the transcript in the TPA-treated cells (Fig. 4). The tran-
scription of TNF must also be higher in CUGBP1 KD cells than in
the LKO-1 cells. This may be linked to indirect effects of constitu-
tive overexpression of TNF or because of the role of CUGBP1 in
regulating expression of other genes at the level of splicing, mRNA
stability, or translation.

In summary, our results show that CUGBP1 binds to the TNF
3'-UTR with high affinity. Abrogation of CUGBP1 function either
by knockdown, by activation of the PKC pathway, or by expression
of the mutant DMPK 3’-UTR, results in stabilization and
increased abundance of TNF mRNA. These results have impor-
tant implications for our understanding of both TNF expression in
muscle and DM1 pathogenesis as discussed below.

DISCUSSION

Our findings provide interesting insights with regards to regu-
lation of TNF expression. CUGBP1 joins several other RNA-bind-
ing proteins, including tristetraprolin, AUF1, TIA-1, TIAR, and
HuR, as a regulator of TNF mRNA stability. Significantly,
CUGBP1 is important for mediating efficient TNF mRNA degra-
dation primarily in unstimulated C2C12 cells but not under con-
ditions (such as phorbol ester treatment; Fig. 4) where TNF
expression is induced. Indeed our results indicate that stabilization
of TNF mRNA in response to TPA treatment involves disruption
of CUGBP1 function. In this respect, CUGBP1 may be important
in restricting expression of this potent cytokine to the low levels
required for its beneficial effects on muscle metabolism. It will be
intriguing to see whether the CUGBP1-dependent regulation we
observe in C2C12 cells also occurs in macrophages and mono-
cytes, which are major producers of TNF.

Our previous results indicated that CUGBPI1 interacts
directly with the PARN deadenylase to facilitate removal of the
poly(A) tail and thereby destabilize the TNF transcript (18).
TPA treatment and expression of mutant DMPK 3'-UTR are
both reported to result in phosphorylation of CUGBP1 (9). In
principle, such a phosphorylation event could affect CUGBP1
function either by preventing its association with the TNF
mRNA or by interfering with the CUGBP1-PARN interaction.
CUGBP1 has been reported to be restricted to the nucleus in
DM1 patient cells (10), which would prevent it from binding
TNF mRNA and mediating mRNA decay in the cytoplasm.
However, by Western blotting of fractionated cell extracts, we
have been unable to detect any change in CUGBP1 abundance
or nuclear versus cytoplasmic localization either in TPA-
treated cells or in cells expressing the DT960 mRNA (data not
shown). We therefore currently favor the hypothesis that either
interaction of CUGBP1 with other proteins is altered or its
RNA-binding capacity is affected thus preventing it from medi-
ating TNF mRNA decay.

CUGBP1 is somewhat unique among the factors previously
implicated in regulating TNF mRNA stability as it principally rec-
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ognizes sequences that flank the AU-rich element rather than the
ARE itself (Fig. 2). Indeed, the binding of CUGBP1 to TNF mRNA
warrants further investigation as there are no predicted high affin-
ity CUGBP1-binding sites (sequences of 30 nt or less containing at
least four nonoverlapping UGU motifs (17, 32)) within the TNF
3’-UTR. We propose that the RNA secondary structure may facil-
itate CUGBP1 binding by bringing UGU sequences dispersed
throughout the region into close proximity. Notably, our gel shift
assays are consistent with multiple CUGBP1 monomers associat-
ing with all three RNA substrates up to a maximum of approxi-
mately four CUGBP1 molecules. This is clearest in Fig. 2D (Gem
TNFA) where the complex increases in size in a stepwise fashion as
additional CUGBP1 molecules bind, but multiple complexes can
also be seen associating with the other two RNAs. Interestingly, a
recent study found that EDEN-BP, the Xenopus homolog of
CUGBP1, oligomerizes, and that self-interaction was necessary for
high affinity binding (34).

In the light of a recent report suggesting that CUGBP1 may
be an important regulator of decay of a large number of tran-
scripts containing UG-rich elements in their 3'-UTRs (17), it
seems likely that the cytoplasmic function of CUGBPI1 in
mRNA turnover has a more extensive impact on DM1 patho-
genesis than previously thought. However, identification of
CUGBP1-binding sites is clearly not as simple as pinpointing
extensive UG-rich regions. Thus further investigation will be
necessary to enable accurate prediction of CUGBP1 targets.
Experiments are underway to identify other transcripts that are
stabilized in CUGBP1 knockdown cells and in cells expressing
the mutant DMPK 3'-UTR.

Finally, our findings may have important implications for
patients with DM1. We suggest that rather than being pro-
duced by immune cells as a response to the disease state, the
elevated TNF observed in sera of DM1 patients (19, 20) may
actually be derived from the skeletal muscle as a direct result of
expression of mutant DMPK 3'-UTR in this tissue. Although
skeletal muscle is not generally thought of as a major cytokine
producer, like most tissues it does in fact produce TNF at low
levels. When one considers that skeletal muscle is the most
abundant tissue in the body, it is quite possible that elevated
production of TNF by muscle could impact serum levels of this
cytokine. Moreover, muscle is exquisitely sensitive to TNF; low
levels of TNF stimulate myogenesis, and excess TNF can inhibit
the process (35). TNF also induces insulin resistance and pro-
tein turnover in muscle cells (36). We suggest that aspects of
DM1 pathogenesis, specifically muscle wasting and insulin
resistance, may be caused or exacerbated by autocrine effects of
chronic excess TNF production by the muscle itself.
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