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Abstract Expansions of a polyalanine (polyA) stretch in
the coding region of the PHOX2B gene cause congenital
central hypoventilation syndrome (CCHS), a neurocristop-
athy characterized by the absence of adequate control of
autonomic breathing. Expansion of polyA in PHOX2B
leads to protein misfolding and accumulation into inclu-
sions. The mechanisms that regulate mutant protein degra-
dation and turnover have been poorly elucidated. Here, we
investigate the regulation of degradation of wild-type and
polyA-expanded PHOX2B. We show that expanded
PHOX2B is targeted for degradation through the ubiqui-
tin–proteasome system, resulting in lowered levels of the
mutant protein relative to its wild-type counterpart. More-
over, we show that mutant PHOX2B forms ubiquitin-
positive inclusions, which sequester wild-type PHOX2B.
This sequestration correlates with reduced transcriptional
activity of endogenous wild-type protein in neuroblastoma
cells. Finally, we show that the E3 ubiquitin ligase TRIM11
plays a critical role in the clearance of mutant PHOX2B

through the proteasome. Importantly, clearance of mutant
PHOX2B by TRIM11 correlates with a rescue of PHOX2B
transcriptional activity. We propose that CCHS is partially
caused by a dominant-negative effect of expanded PHOX2B
due to the retention of the wild-type protein in pathogenic
aggregates. Our results demonstrate that TRIM11 is a novel
modifier of mutant PHOX2B toxicity and represents a po-
tential therapeutic target for CCHS.
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Introduction

Expansion of trinucleotide repeats in the coding region of a
variety of genes results in the expression of proteins con-
taining expanded amino acid repeats, which cause neuro-
genetic diseases by unknown mechanisms [1]. Expansion of
CAG repeats encoding polyglutamine (polyQ) tracts is the
genetic basis of at least nine neurodegenerative disorders,
known as polyQ diseases [1]. Expansion of GCN repeats
encoding polyalanine (polyA) tracts are responsible for at
least nine genetic disorders, including synpolydactyly syn-
drome, hand–foot–genital syndrome, cleidocranial dyspla-
sia, holoprosencephaly, X-linked mental retardation and
growth hormone deficit, X-linked mental retardation and
abnormal genitalia, oculopharyngeal muscolar dystrophy,
blepharophimosis–ptosis–epicanthus inversus syndrome,
and congenital central hypoventilation syndrome (CCHS)
[2–5]. CCHS, also known as Ondine’s curse, is a life-
threatening disorder that primarily manifests as sleep-
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associated respiratory insufficiency and marked impairment
of ventilatory responses to hypercarbia and hypoxemia [6].

CCHS is caused by heterozygous in-frame duplications
within the gene encoding the paired-like homeobox 2B
(PHOX2B) transcription factor. In normal individuals, the
polyA tract is 20 alanines in length, whereas in affected
individuals it ranges from 25 (+5) to 33 (+13) alanines
[7–10]. Similar to polyQ diseases and other repeat expan-
sion disorders, the severity of disease and age of onset
correlate with the length of the expanded repeat [9, 10].

PHOX2B is a paired box homeodomain transcription
factor that plays a critical role in the development of auto-
nomic nervous system reflex circuits in mice. Mice in which
Phox2b has been deleted die in utero and are characterized
by absent autonomic nervous system circuits due to dys-
function or loss of autonomic nervous system neurons,
indicating that PHOX2B is essential during development
[11]. Mice heterozygous for Phox2b deletion have only mild
and transient breathing defects, which only marginally re-
semble the human disease caused by polyA expansion [12].
Importantly, mice expressing polyA-expanded PHOX2B
present with respiratory problems, do not respond to hyper-
capnia, and die soon after birth from central apnea [13]. The
observation that haploinsufficiency or complete loss of
PHOX2B does not fully recapitulate the human condition
caused by polyA expansion supports the idea that polyA
expansion in PHOX2B either confers primarily a toxic gain
of function to the mutant protein and/or exerts a dominant-
negative effect.

Similar to polyQ diseases, pathogenic polyA expansions
lead to protein misfolding, aberrant protein–protein interac-
tions, protein degradation, mislocalization, and aggregation,
which represent the cytopathological hallmark of polyA
diseases. Expanded polyA leads to decreased transactivation
of target genes, impaired DNA binding, extranuclear local-
ization of PHOX2B, and aggregation, and the severity of
such alterations correlate with the size of the repeat [14, 15].
Misfolded proteins are recognized by molecular chaperones
of the heat shock protein (HSP) family, which bind to and
promote protein refolding. When the chaperones’ ability to
repair misfolded proteins is exceeded, misfolded proteins
are targeted for degradation mainly through the ubiquitin–
proteasome system (UPS) and lysosome-mediated
autophagy. To be recognized by the UPS, protein sub-
strates are covalently modified with ubiquitin in a pro-
cess that involves the consecutive activities of enzymes
designated E1, E2, and E3, the last of which determines
the substrate specificity. The E3 ubiquitin ligase tripar-
tite motif-containing protein 11 (TRIM11) was recently
shown to interact with wild-type PHOX2B [16]. How-
ever, it is unknown whether TRIM11 interacts with
polyA-expanded PHOX2B and whether TRIM11 promotes
its degradation.

In the present study, we investigate the role of the UPS
and TRIM11 in polyA-expanded PHOX2B degradation. We
show that the steady state level of polyA PHOX2B is altered
compared to that of wild-type protein, and provide evidence
that degradation of mutant PHOX2B is mediated by the
UPS. Moreover, we demonstrate that expression of mutant
protein alters the ability of endogenous wild-type PHOX2B
to activate transcription in neuroblastoma cells. In addition,
we demonstrate that TRIM11 overexpression leads to clear-
ance of PHOX2B proteins and recovery of the transcription-
al activity of expanded PHOX2B.

Materials and methods

Expression plasmids

PHOX2B

The generation of pcDNA3.1TOPO-wild-type PHOX2B,
pcDNA3.1TOPO-DUP39 PHOX2B, pcDNA3.1/CT-GFP-
TOPO[PHOX2B], pcDNA3.1/CT-GFP-TOPO[DUP39],
and myc-tagged PHOX2B, have been described elsewhere
[10].

To generate pcDNA3.1/myc-DUP39, a 270-bp region
containing the expanded polyA stretch was isolated by
PpuMI enzymatic digestion from pcDNA3.1TOPO-DUP39
and cloned into pcDNA3.1/myc-PHOX2B, after removing
the corresponding region. All constructs were verified by
DNA sequencing. To generate pcDNA3/HA-PHOX2B, the
coding region of PHOX2B was cloned into the EcoRI site of
pcDNA3-HA.

All constructs referred to as WT or DUP39 express wild-
type and +13Ala mutant PHOX2B proteins, respectively,
either alone or fused to different tags.

TRIM11

Total RNA was extracted from HeLa cells and full-length
TRIM11 cDNA was obtained by PCR (primers: 5′-GAATT
CATGGCCGCCCCCGACCTGTCC-3′ and 5′-GAATTCT
CACTGGGGAGCCAGGGTGT-3′). The PCR product thus
obtained was cloned into the EcoRI site of pcDNA3-HA.

Cell cultures and transfection

HeLa and IMR32 cells were grown in minimal essential
medium (MEM, Euroclone) and RPMI (Euroclone), respec-
tively, supplemented with 10% fetal bovine serum (FBS)
(Gibco, New Zealand), 1% L-glutamine 100×, 100 U/ml
penicillin, and 100 μg/ml streptomycin in a humidified
atmosphere with 5% CO2. Transfections were performed
using FugeneHD Transfection Reagent (Roche).
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Pharmacological treatments of transfected cells

Proteasome inhibitors lactacystin (Calbiochem) or MG132
(Sigma) were added 24 h after transfection, 12 h before
harvesting. The autophagy inhibitor 3-methyladenine (3-MA;
Sigma) was added to cells 4 h after transfection.

Analysis of PHOX2B protein levels

Transient transfections were performed by plating HeLa
cells on 60-mm diameter dishes, using 1.5 μg of either
pcDNA3.1/CT-GFP-TOPO[PHOX2B] or pcDNA3.1/CT-
GFP-TOPO[DUP39] expression constructs. After 48 h, the
mean fluorescence intensity (MFI) of 10,000 cells was mea-
sured by FACS analysis (FACSCalibur, BD Biosciences,
Cell Quest software).

Total cellular lysates, SDS-PAGE, and Western blotting

Cells were washed in ice-cold PBS and lysed with lysis
buffer (50 mM Tris, 150 mM NaCl, 1% Na deoxycholate,
1% Triton X-100, 1 mM EDTA, 0.1% sodium dodecyl
sulfate) plus protease inhibitor cocktail (Roche Diagnos-
tics). The lysates were sonicated and denatured at 100°C
in 1× Laemmli sample buffer (Bio-Rad).

Equal amounts of cellular lysates were electrophoresed
on 10% SDS-PAGE gels and transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore). Membranes
were blocked with 5% non-fat dried skim milk in PBST
solution for at least 1 h and incubated with the appropriate
primary antibody overnight. Membranes were then rinsed
three times with PBST for 10 min, incubated with secondary
antibody conjugated with alkaline phosphatase for 1 h and
washed three times with PBST. Signals were detected using
chemiluminescent ECL Advanced (GE Healthcare). Protein
levels in each sample were evaluated by comparison with
the housekeeping proteins actin or tubulin. Quantification of
band intensities was performed using ImageJ software.

Assessment of the half-life of myc-tagged WT and DUP39
PHOX2B proteins

Twenty-four hours after transfection, HeLa cells were
chased with cycloheximide (10 μg/ml; Sigma). Protein lev-
els were determined by collecting cells at different time
points and performing immunoblotting as described above.
Relative amounts of myc-tagged PHOX2B proteins were
quantified using densitometry.

Ubiquitination assay

HeLa cells transiently co-transfected with mammalian ex-
pression plasmids for expanded or wild-type PHOX2B-myc

and HA-ubiquitin were treated with MG132 (10 μM, Sig-
ma) 24 h post-transfection. Twelve hours later, cells were
lysed in NP-40 lysis buffer (20 mM Tris-HCl, pH 7.5;
150 mM NaCl; 1% NP-40) containing protease inhibitors
(Roche Diagnostics). Cell lysates were clarified by centrifu-
gation at 500–1,000×g for 10 min, thus minimizing the
chances of sedimentation of the expanded protein, and
supernatants were then collected. We used the ExactaCruz
system (Santa Cruz Biotechnology) to immunoprecipitate
mutant and WT PHOX2B-myc: 500 μg of cell lysates were
mixed with 1 μg of anti-myc antibody (Invitrogen) and
incubated at 4°C overnight. Antigen–antibody complexes
were collected by centrifugation, washed three times with
lysis buffer and then boiled in Laemmli sample buffer (Bio-
Rad) for 5 min to elute proteins. Proteins separated by SDS-
PAGE were transferred to PVDF membranes (Millipore)
and probed with anti-HA antibody (Invitrogen).

Fluorescence microscopy

Fluorescence analysis was performed in HeLa cells trans-
fected with 750 ng of expression plasmid. Forty-eight hours
later, cells were washed with PBS, fixed for 3 min with
methanol–acetone mix, permeabilized for 15 min with 0.1%
Triton-X-100/PBS and blocked for 5 min with 10% FBS/1%
BSA/0.1% Tween20/PBS. Plates were then incubated with
the appropriate primary antibody for 90 min, rinsed twice
with PBS and incubated with TRITC-conjugated and/or
FITC-conjugated secondary antibody (Santa Cruz Biotech-
nology) for 60 min. Plates were analyzed with a Zeiss
Axiophot fluorescence microscope. Nuclei were stained
with DAPI (Roche). Images were acquired by ACT-U soft-
ware (Nikon).

The experiment shown in Fig. 3 was carried out using
Alexa Fluor 488 anti-rabbit (Invitrogen) and DyLight 549
anti-mouse (Jackson Immunoresearch) secondary antibod-
ies. Imaging of fluorescent cells in Fig. 3 was performed
with an LSM 510 Meta confocal microscope (Carl Zeiss,
Inc.) using 40× (Nikon) Plan Apochromat lenses (1.4 NA).

Preparation of detergent-soluble and detergent-insoluble
fractions

To analyze the distribution of proteins in the soluble and
insoluble fractions, cultured cells were lysed in lysis buffer
(150 mM NaCl, 50 mM Tris, 1 mM EDTA, 1% Triton X-
100) containing protease inhibitors. Lysates were centri-
fuged at 14,000×g for 30 min at 4°C and the resulting
supernatants were considered the detergent-soluble fraction.
Pellets (referred to as the insoluble fraction) were solubi-
lized with an equal volume of Laemmli sample buffer (Bio-
Rad).
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Luciferase reporter activity assay

Transfections were performed using 200 ng of expression
plasmids or empty vector and 50 ng of the 807-bp DBH
regulatory region cloned upstream of the luciferase reporter
gene.

The plasmid pRL-CMV, expressing the Renilla luciferase
gene, was used as an internal control for each sample. Forty-
eight hours after transfection, cells were assayed for luciferase
activity (Dual-Luciferase Reporter Assay System; Promega)
using a TD-20/20 luminometer following the manufacturer’s
instructions.

Results

Expansion of the polyA tract increases the turnover
of PHOX2B

Pathogenic expansions of polyA tracts result in protein
misfolding and aggregation [14, 15]. Proteins are targeted
for degradation by cellular protein degradation machinery.
To test whether polyA expansion in PHOX2B leads to
increased degradation, we transiently transfected HeLa
cells, which do not express endogenous PHOX2B, with
vectors expressing either wild-type PHOX2B (WT) or mu-
tant PHOX2B carrying 39 alanine residues (DUP39) tagged
with green fluorescent protein (GFP). The levels of
PHOX2B were analyzed after 48 h by cytofluorimetric
assay. We found that polyA-PHOX2B levels were lower
than those of wild-type PHOX2B, indicating that polyA
expansion leads to reduced accumulation of PHOX2B
(Fig. 1a). We hypothesized that polyA expansion affects
the stability of mutant protein. To test this hypothesis, we
analyzed the turnover of WT and DUP39 PHOX2B in the
presence of the protein synthesis inhibitor cycloheximide.
For these experiments, HeLa cells were transfected with
myc-tagged WT or mutant PHOX2B, and after 24 h protein
synthesis was blocked by incubating the cells with cyclo-
heximide (Fig. 1b). Total lysates were collected at various
time points and analyzed by Western blotting. We found that
the half-life of WT PHOX2B was 6 h, whereas that of
DUP39 was 3 h, indicating that the presence of an expanded
polyA tract in PHOX2B increases the turnover rate of the
protein.

Expanded polyA PHOX2B is degraded
by the ubiquitin–proteasome system

The UPS and autophagy, two mechanisms responsible for
the maintenance of protein balance in eukaryotic cells, have
been previously shown to play a role in the clearance of
PHOX2B [17]. To explore their involvement in the

degradation of expanded PHOX2B in more detail, we
expressed myc-tagged WT PHOX2B and DUP39 in HeLa
cells and treated the cells with increasing amounts of either
the proteasome inhibitor lactacystin or the autophagy inhib-
itor 3-methyladenine (3-MA). Proteasome inhibition
resulted in a dose-dependent accumulation of DUP39, but
did not have any effect on the levels of WT PHOX2B
(Fig. 2a). Treatment of the cells with 10 mM 3-MA in-
creased the accumulation of DUP39, though the effect was
weaker than that observed in the presence of proteasome
inhibitor (Fig. 2b). These results indicate that DUP39 is
mainly degraded through the UPS.

Proteins targeted for degradation by the UPS are
conjugated to a poly-ubiquitin chain. Studies of several
polyA-expanded proteins have shown that nuclear inclu-
sions or aggregates are often ubiquitinated [17, 18].
Therefore, we sought to determine whether PHOX2B
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Fig. 1 Degradation rates of wild-type and expanded PHOX2B pro-
teins. a PHOX2B protein levels in HeLa cells transfected with WT-
PHOX2B-GFP or polyA-expanded-DUP39-GFP. Graph shows mean
fluorescence intensity (MFI) ± SD of three independent experiments.
DUP39-GFP levels are shown normalized to WT-PHOX2B-GFP lev-
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and DUP39, respectively
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is ubiquitinated, and whether PHOX2B ubiquitination is
influenced by expanded polyA. To test this hypothesis,
we performed a ubiquitination assay in HeLa cells over-
expressing either myc-tagged WT PHOX2B or DUP39
together with HA-tagged ubiquitin (HA-Ub) in the pres-
ence of the proteasome inhibitor MG132. Total lysates
were processed for immunoprecipitation with an anti-
myc antibody. As shown in Fig. 2c, the degree of
ubiquitination of DUP39 was higher than that of wild-
type protein. Next, we asked whether DUP39 forms
ubiquitin-positive inclusions in HeLa cells transfected
as above. By immunocytochemical analysis, we found
that DUP39 forms ubiquitin-positive inclusions in the
nucleus and cytosol of transfected cells (Fig. 2d). In
contrast, we did not detect ubiquitin-positive inclusions
in cells expressing WT PHOX2B. Taken together, these

data indicate that expansion of polyA leads to degrada-
tion of mutant protein through the UPS.

DUP39 sequesters WT PHOX2B into inclusions

The observation that DUP39 forms inclusions prompted us
to investigate whether DUP39 sequesters WT PHOX2B into
such species. To test this idea, we co-expressed HA-tagged
PHOX2B (WT-HA) and expanded myc-tagged PHOX2B
(DUP39-myc) in HeLa cells and analyzed the subcellular
localization of the proteins by immunocytochemistry. We
found that DUP39 sequesters WT PHOX2B into nuclear
and cytoplasmic inclusions (Fig. 3a, arrows). To rule out the
possibility that overexpression of WT PHOX2B leads to
inclusion formation in HeLa cells, we transfected the cells
with vectors expressing HA-tagged WT PHOX2B or myc-
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assays were performed in HeLa cells co-transfected with indicated plas-
mids and immunoprecipitated using anti-myc antibody. Western blot
analysis revealed strong smeared bands of ubiquitinated proteins in both
lanes. In the lower graph, ubiquitinated PHOX2B proteins are represented
as the ratio between the signal from anti-HA and anti-myc antibodies,
normalized to levels of ubiquitinated WT PHOX2B. Mean ± SD values
from two independent experiments are shown. d Co-localization of WT
and expanded (DUP39) PHOX2B proteins with HA-tagged ubiquitin was
analyzed by immunocytochemistry 48 h after transfection in HeLa cells
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tagged DUP39 (Fig. 3b). When overexpressed alone, HA-
tagged WT PHOX2B localized exclusively to the nucleus
and did not form inclusions. In contrast, overexpressed myc-
tagged DUP39 localized to both the nucleus and cytoplasm
and formed extensive inclusions. These results indicate that
mutant PHOX2B sequesters its wild-type counterpart into
inclusions.

Sequestration of proteins into inclusions may hamper their
function, resulting in partial dominant-negative effects on the
sequestered protein. PHOX2B is a transcription factor that
regulates the expression of several genes, including
dopamine-β-hydroxylase (DBH) [19]. To test whether local-
ization of WT PHOX2B into inclusions is associated with a
reduction of protein function, we used IMR32 neuroblastoma
cells, which express endogenous PHOX2B [20]. IMR32 cells
were transfected with vectors expressing either WT PHOX2B
or DUP39, together with a luciferase reporter construct con-
taining four copies of domain II of the DBH promoter. We
found that overexpression of WT PHOX2B did not affect
reporter gene expression (Fig. 3c). However, overexpression
of DUP39 significantly reduced transactivation, suggesting
that mutant protein hampers the function of endogenous
wild-type protein.

Given that the degradation rate of DUP39 is faster than
that of wild-type protein (Fig. 1b), we asked whether the co-
localization of mutant and wild-type proteins into inclusions
leads to degradation of the wild-type protein. We tested this
idea in HeLa cells co-transfected with an equivalent amount
of GFP-tagged WT PHOX2B and a vector for expression of
either untagged WT PHOX2B or DUP39. The levels of
GFP-tagged WT PHOX2B were analyzed after 48 h by
cytofluorimetric assay (Fig. 3d). The levels of WT PHOX2B
were not affected by co-expression of DUP39. These results
indicate that sequestration of WT PHOX2B into DUP39-
positive inclusions does not promote clearance ofWT protein.
These data support the idea that the expanded form of
PHOX2B exerts a partial dominant-negative effect on the
wild-type protein, which is likely due to sequestration into
inclusions.

TRIM11 promotes WT PHOX2B and DUP39 degradation

Recent studies have demonstrated that the E3 ligase murine
TRIM11 interacts with wild-type PHOX2B [16]; therefore,
we investigated whether TRIM11 promotes the degradation
of DUP39. To test this idea, we overexpressed myc-tagged
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WT PHOX2B or DUP39 alone or together with increasing
amounts of HA-tagged TRIM11 in HeLa cells, and analyzed
protein levels by Western blotting (Fig. 4a). Overexpression
of TRIM11 resulted in reduced accumulation of both WT
PHOX2B and DUP39. The effect of TRIM11 on protein
accumulation was dose-dependent. Moreover, we analyzed
soluble and insoluble lysates of exogenous WT PHOX2B
and DUP39. We observed that the majority of WT PHOX2B
is contained in the insoluble fraction, whereas DUP39 is
present exclusively in the insoluble fraction. Nonetheless,
overexpression of TRIM11 decreased the levels of both pro-
teins. We tested whether TRIM11 degrades PHOX2B also in
IMR32 cells [20]. In the presence of TRIM11, the levels of
both wild-type and expanded PHOX2B were remarkably
decreased in total lysates (Fig. 4b).

In IMR32 cells, levels of insoluble PHOX2B proteins
were strongly affected by TRIM11, whereas the soluble
fraction of PHOX2B proteins seemed to remain unchanged.

To assess whether TRIM11 promotes PHOX2B turnover,
HeLa cells were transiently transfected with myc-tagged WT
PHOX2B or DUP39 in the presence or absence of HA-
TRIM11. The cells were treated with cycloheximide, and
PHOX2B levels were analyzed by Western blotting at various
time points (Fig. 5a). Overexpression of TRIM11 increased the
rate of degradation of bothWT PHOX2B and DUP39. Notably,
the half-life ofWTPHOX2Bwas 6 h in the absence of TRIM11
and decreased to 3 h in the presence of TRIM11; for DUP39, the
half-life decreased from 4.5 to 2 h in the presence of TRIM11.

To determine whether the degradation of PHOX2B induced
by TRIM11 occurs through the UPS, we compared the levels of
myc-tagged WT PHOX2B and DUP39 after co-transfection
with HA-TRIM11 in the presence or absence of MG132. Inhi-
bition of the proteasome restored PHOX2B levels, particularly
in the case of DUP39 (Fig. 5b). Together, our results indicate
that the E3 ubiquitin ligase TRIM11 promotes the degradation
of PHOX2B and DUP39 through the UPS in cultured cells.
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these experiments, IMR32 cells were co-transfected with a constant
amount of HA-tagged TRIM11 along with myc-tagged PHOX2B con-
structs. In each experiment, GFP vector was added so that the total
amount of transfected DNA summed to 3 μg
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Association of TRIM11 with DUP39-positive inclusions

Components of the heat shock response pathway and mem-
bers of the proteasome machinery have been shown to co-
localize with DUP39-positive inclusions [15, 17]. We
sought to determine whether TRIM11 localizes to DUP39-
positive inclusions in HeLa cells. We expressed either myc-
tagged DUP39 or myc-tagged WTwith HA-tagged TRIM11
in HeLa cells. Cells were treated with MG132 to reduce the
degradative effect of TRIM11. Immunocytochemical analysis
revealed that TRIM11 co-localizes with PHOX2B and
DUP39 in the nucleus of HeLa cells (Fig. 6). Notably,
TRIM11 was recruited to nuclear and cytosolic inclusions in
cells expressing DUP39 (see arrows).

Effect of TRIM11 on in vitro transactivation
induced by PHOX2B

To investigate whether the effect of TRIM11 on PHOX2B
degradation affects PHOX2B transactivation, HeLa cells

were co-transfected with a luciferase reporter construct con-
taining the regulatory PHOX2B binding region of the DBH
gene together with expression vectors encoding PHOX2B or
HA-tagged TRIM11. Consistent with previous reports [14,
15], overexpression of WT PHOX2B induced a significant
increase of reporter gene expression compared to cells trans-
fected with the empty vector (Fig. 7a). Overexpression of
DUP39 resulted in reduced transactivation compared to cells
overexpressing the wild-type protein. Co-expression of TRI-
M11and PHOX2B proteins dramatically prevented the
PHOX2B effect on luciferase activity. Notably, the presence
of TRIM11 caused a reduction in promoter activity driven
by the pcDNA3.1 empty vector, to below the basal level.
Such an inhibitory effect was likely due to the degradation
of factors necessary for the basal expression of the promoter
construct. Therefore, we decided to test the effect of
TRIM11 on the activation induced by PHOX2B in IMR32
cells (Fig. 7b). In this case, TRIM11 did not affect the
transactivation induced by the wild-type protein, but com-
pletely rescued the impairment of DBH promoter activity
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Fig. 5 TRIM11 promotes degradation of wild-type and expanded
PHOX2B through the UPS. a) Cycloheximide chase assays were used
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expanded (DUP39) PHOX2B proteins. Graphs show relative levels of
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associated with the presence of expanded PHOX2B. These
findings are consistent with the effect of TRIM11 on
PHOX2B degradation, a circumstance which could suppress
the dominant-negative effect of DUP39 on the wild-type
protein.

Discussion

In this study, we demonstrate that expansion of the polyA
tract in PHOX2B leads to protein degradation through the
UPS. We also provide evidence that DUP39 overexpression
results in inclusion formation in cultured cells. These inclu-
sions are ubiquitin-positive and, importantly, sequester WT
PHOX2B. Localization of WT PHOX2B into inclusions
correlates with a reduction in protein function, suggesting
that this mechanism contributes to disease pathogenesis
through a dominant-negative effect. Finally, we show that
DUP39, as well as WT PHOX2B, is a target of the E3
ubiquitin ligase TRIM11, and that overexpression of
TRIM11 reduces the accumulation of the disease protein
and restores the function of its wild-type counterpart. Our
findings highlight TRIM11 as a novel modifier of DUP39
toxicity.

PolyA tracts are present in several transcription factors,
and in-frame duplications in these sequences are responsible
for several human genetic diseases [2–5]. In vivo experi-
ments have shown that mice expressing a mutant PHOX2B
with 27 alanine residues show a more severe phenotype than
mice heterozygous for a targeted Phox2b deletion [12, 13].

These results support a pathogenic mechanism in which
expansion of polyA in PHOX2B confers a toxic gain of
function or a dominant-negative effect to the mutant protein.
The increased apoptosis and formation of polyA aggregates
associated with expression of DUP39 [17] support the toxic
gain of function model as a major pathogenic mechanism in
CCHS. Our present data demonstrate that expanded
PHOX2B retains wild-type PHOX2B in inclusions and
causes a strong reduction of basal DBH promoter activity
in a neuroblastoma cell line. Altogether, our observations
are consistent with the hypothesis that a dominant-negative
effect of the expanded PHOX2B also contributes to CCHS
pathogenesis. A partial dominant-negative effect of
PHOX2B with polyA expansions has been reported [14,
15], and we have previously demonstrated that DUP39
interacts with and sequesters a fraction of WT PHOX2B in
nuclear aggregates [14]. In addition, Trochet et al. [15]
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Fig. 6 Subcellular localization of TRIM11 and PHOX2B proteins in
HeLa cells. The distribution pattern of exogenous HA-TRIM11 is
shown in HeLa cells co-transfected with WT or mutant (DUP39)
myc-tagged PHOX2B. Arrows show co-localization of TRIM11 with
nuclear and cytoplasmic aggregates
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observed a significant impairment of target transactivation
after co-transfection of the wild-type protein with a 10-fold
excess of DUP39 in HeLa cells.

Similar to expanded polyQ tracts, expanded polyA tracts
lead to protein misfolding and aggregation in a repeat
length-dependent manner [14, 21–23]. Proteins that do not
fold properly are normally recognized by protein quality
control systems and are rapidly and efficiently degraded.
In some cases, however, the misfolded protein forms aggre-
gates or causes excessive activation of the degradation ma-
chinery, resulting in profound cellular dysfunction and
disease [4, 5]. Several studies have reported that the pres-
ence of large trinucleotide repeat expansions causes a re-
duction in the levels of these mutant proteins [21, 24]. In
particular, Klein and colleagues [24] observed that the rela-
tive decrease in the level of the polyA-expanded protein
poly(A) binding protein nuclear 1 (PABPN1) is likely due
to enhanced clearance of the protein through autophagy. Our
data demonstrate that expanded-polyA PHOX2B is targeted
for degradation through the UPS, resulting in lower protein
expression levels.

Regulation of the steady state levels of expanded polyA
proteins and, more generally, of expanded trinucleotide re-
peat proteins, represents a crucial component in the patho-
genesis of human disorders. To deepen our understanding of
cellular clearance of such expanded misfolded proteins, we
tested the effect of the E3 ubiquitin ligase TRIM11, which is
already known to interact with PHOX2B in mouse [16], in
the clearance of wild-type and expanded PHOX2B proteins.
E3 ubiquitin ligases have been implicated in the biology of
neurodegenerative disorders that involve protein misfolding,
including polyQ diseases [25–31]. In particular, CHIP and
E6-AP have neuroprotective effects, in that they promote
the proteasome-mediated degradation of disease proteins
and reduce polyQ protein-induced cell death [27–29]. These
observations are consistent with the fact that E3 ubiquitin
ligases are involved in the ubiquitination and degradation of
misfolded proteins through the proteasome. TRIM11 is al-
ready known to destabilize several interacting proteins via
the UPS [32–34]. TRIM11 also transports ubiquitinated
proteins, such as expanded polyQ and polyA proteins, to
the proteasome, playing a role in their clearance [34].
Therefore, TRIM11 has dual functions: it works as a
RING E3 ligase degrading specific substrates, such as
Humanin, ARC105 and Pax6 [32–34], as well as a
“ubiquitin receptor” transporting ubiquitinated, mis-
folded proteins to the proteasome [34]. Our data demonstrate
the role of TRIM11 in regulating the proteasome-mediated
degradation of both wild-type and expanded PHOX2B.
Importantly, cycloheximide chase experiments revealed that
TRIM11 has a greater effect on the degradation of DUP39
compared to WT PHOX2B, indicating that DUP39 is effi-
ciently targeted for degradation.

In agreement with our observation that TRIM11 over-
expression reduces the insoluble form of expanded
PHOX2B in IMR32 cells, we also demonstrated a signifi-
cant TRIM11-mediated rescue of DBH promoter activity,
which is decreased in the presence of mutant PHOX2B. Our
results support a model in which overexpression of TRIM11
counteracts the dominant-negative effect of DUP39 by en-
hancing the degradation of the disease protein. We have
already reported that activation of the heat shock response
by geldanamycin and additional molecules is efficient both
in preventing formation and in inducing clearance of
PHOX2B polyA aggregates [17, 35]. Consistent with these
reports, our work demonstrates that processes that lead to
protein degradation represent an additional cell response to
the presence of expanded-polyA PHOX2B. Our results sug-
gest that mechanisms up-regulating intracellular TRIM11
may offer potential targets for therapeutic intervention in
CCHS.
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