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Autosomal dominant oculopharyngeal muscular dystrophy

(OPMD) is an adult-onset disease that presents in the fifth or

sixth decade. The disease is characterized by progressive eyelid

drooping (ptosis), swallowing difficulties (dysphagia) and

proximal limb weakness.1-6 Pathological studies showed the

presence of unique intranuclear filamentous inclusions in

skeletal muscle fibers of OPMD patients.7,8 The OPMD locus

was mapped by linkage analysis to chromosome 14q11.19-11 and

the gene was identified as PABPN1, encoding the poly(A)

binding protein nuclear 1 (PABPN1, PABP2, PAB II).12

Dominant OPMD is caused by expansion of a short GCG

ABSTRACT: Background: Oculopharyngeal muscular dystrophy (OPMD) is an adult-onset disorder characterized by progressive

ptosis, dysphagia and proximal limb weakness. The autosomal dominant form of this disease is caused by short expansions of a (GCG)
6

repeat to (GCG)
8-13

in the PABPN1 gene. The mutations lead to the expansion of a polyalanine stretch from 10 to 12-17 alanines in the

N-terminus of PABPN1. The mutated PABPN1 (mPABPN1) induces the formation of intranuclear filamentous inclusions that sequester

poly(A) RNA and are associated with cell death. Methods: Human fetal brain cDNA library was used to look for PABPN1 binding

proteins using yeast two-hybrid screen. The protein interaction was confirmed by GST pull-down and co-immunoprecipitation assays.

Oculopharyngeal muscular dystrophy cellular model and OPMD patient muscle tissue were used to check whether the PABPN1 binding

proteins were involved in the formation of OPMD intranuclear inclusions. Results: We identify two PABPN1 interacting proteins,

hnRNP A1 and hnRNP A/B. When co-expressed with mPABPN1 in COS-7 cells, predominantly nuclear protein hnRNP A1 and A/B co-

localize with mPABPN1 in the insoluble intranuclear aggregates. Patient studies showed that hnRNP A1 is sequestered in OPMD

nuclear inclusions. Conclusions: The hnRNP proteins are involved in mRNA processing and mRNA nucleocytoplasmic export,

sequestering of hnRNPs in OPMD intranuclear aggregates supports the view that OPMD intranuclear inclusions are “poly(A) RNA

traps”, which would interfere with RNA export, and cause muscle cell death.

RÉSUMÉ: Interaction de hnRNP A1 et A/B avec PABPN1 dans la dystrophie musculaire oculopharyngée. Introduction: La dystrophie

musculaire oculopharyngée (DMOP) est une maladie de l’âge adulte caractérisée par une ptose progressive des paupières, une dysphagie et une faiblesse

musculaire proximale. La forme autosomique dominante est causée par de courtes expansions d’une répétition (GCG)6 à (GCG)8-13 dans le gène

PABPN1. Les mutations donnent lieu à une expansion d’un tractus de polyalanine de 10 à 12-17 alanines dans la partie N-terminale de PABPN1. Le

gène PABPN1 muté (PABPN1m) induit la formation d’inclusions filamenteuses intranucléaires qui séquestrent l’ARN poly(A) et entraînent la mort

cellulaire. Méthodes: Une librairie d’ADNc provenant de cerveau foetal humain a été utilisée pour chercher la protéine liant PABPN1 au moyen du

système à double-hybrides dans la levure. L’interaction protéine-protéine a été confirmée par GST pull-down et co-immunoprécipitation. Le modèle

cellulaire de DMOP et le tissu musculaire provenant de patients atteints DMOP ont été utilisés pour vérifier si les protéines liant PABPN1 étaient

impliquées dans la formation des inclusions intranucléaires dans la DMOP. Résultats: Nous avons identifié deux protéines interagissant avec PABPN1,

hnRNP A1 et hnRNP A/B. En co-expression avec PABPN1m dans des cellules COS-7, les protéines hnRNP A1 et A/B à prédominance nucléaire se

retrouvent avec PABPN1m dans les agrégats intranucléaires insolubles. Des études chez les patients atteints de DMOP ont montré que hnRNP A1 est

séquestré dans les inclusions nucléaires. Conclusions: Les protéines hnRNP sont impliquées dans la maturation de l’ARNm et le transport

nucléocytoplasmique de l’ARNm. La séquestration de hnRNPs dans les agrégats intranucléaires appuie l’hypothèse selon laquelle les inclusions

intranucléaires de la DMOP sont des "piètes à ARN poly(A)" qui interfèrent avec le transport de l’ARN et causent la mort des cellules musculaires.
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ORIGINAL ARTICLE

trinucleotide repeat in the PABPN1 gene. The normal PABPN1

gene has a (GCG)
6

trinucleotide repeat coding for a polyalanine

stretch at the 5’ end, while in OPMD patients this (GCG)
6

repeat

is expanded to (GCG)
8-13

. Due to the presence of GCA GCA
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GCA GCG coding sequences adjacent to the (GCG)
6

repeat, the

wild-type PABPN1 has a 10 alanine stretch in its N-terminus,

while the mutant proteins have 12 to 17 alanines.

In addition to OPMD, at least five other diseases are

associated with alanine stretch expansions in the disease gene

products. Synpolydactily is caused by an alanine stretch

expansion from 15 to 22-25 in the HOXD13 gene,13 while

cleidocranial dysplasia is associated with an expansion from 17

to 27 alanines in CBFA1 protein.14 The alanine stretch

lengthening from 15 to 25 in ZIC2 protein results in holopros-

encephaly (HPE),15 whereas the ones expanded from 15 to 22-33

in HOXA13 protein and from 14 to 24 in FOXL2 protein cause

hand-foot-genital syndrome16 and type II blepharophimosis/

ptosis/epicanthus17 respectively. Among these alanine-expanded

proteins, mutated PABPN1 (mPABPN1) is the only one that is

reported to induce the formation of intranuclear inclusions.

Oculopharyngeal muscular dystrophy intranuclear inclusions are

similar to those found in a number of inherited neurodegenera-

tive diseases caused by mutated proteins with an expanded

polyglutamine (polyQ) stretch encoded by a CAG repeat. The

mutant form of each protein typically has a polyQ tract of greater

than 40 glutamine residues, whereas the wild-type protein may

contain around 20 glutamines.18 This group of disorders includes

Huntington’s disease,19 spinobulbar muscular atrophy,20

dentatorubral pallidoluysian atrophy,21,22 and the spinocerebellar

ataxias type 1, 2, 3, 6 and 7.23-29

PABPN1 has 306 amino acids and is comprised of an alanine

stretch and a proline-rich region in the N-terminus, a

ribonucleoprotein (RNP)-type RNA binding domain in the

central region, and an arginine-rich C-terminus. PABPN1 is an

abundant nuclear protein that binds with high affinity to the

poly(A) tail of mRNA and is involved in mRNA

polyadenylation,30 a two-step reaction whereby endonucleolytic

cleavage of the nascent mRNA transcript is followed by an

addition of ~250 adenylate residues to the up-stream cleavage

product.31-33 Poly(A) tail synthesis is catalyzed by poly(A)

polymerase through interaction with CPSF, the cleavage and

polyadenylation specificity factor. However, this process is slow

and inefficient, and the length of poly(A) tail is poorly

controlled. Adding PABPN1 to this reaction will stimulate

poly(A) synthesis and control the size of the tail to be ~250 nt in

length.30,34,35

PABPN1 has been identified as a component of the

filamentous inclusions present in the nuclei of OPMD muscle

fibers.36-38 Expression of mPABPN1 in COS-7 cells induces the

formation of intranuclear protein aggregation that is associated

with cell death.39-42 PABPN1 contains two oligomerization

domains that make the protein form oligomers.40

Oligomerization of mPABPN1 facilitates the formation of

OPMD nuclear inclusions.40 These inclusions contain ubiquitin,

the subunits of the proteasome, poly(A) RNA,36 and  PABPN1

interacting protein SKIP.41 A recent study showed that over-

expression of chaperone proteins can reduce aggregation of

mPABPN1 and cell death.42 To further investigate how OPMD

intranuclear protein aggregates cause cell death, we searched for

PABPN1 interacting proteins using yeast two hybrid library

screen and found that both heterogeneous nuclear

ribonucleoprotein (hnRNP) A1 and A/B interact with the C-

terminus of PABPN1. These hnRNP proteins are sequestered in

the OPMD nuclear inclusions. The hnRNPs are mRNA binding

proteins and involved in mRNA export from the nucleus to

cytoplasm.43 The fact that OPMD intranuclear aggregates

sequester hnRNP proteins supports the hypothesis that the

OPMD aggregates impair mRNA nucleocytoplasmic export and

cause cell death.

METHODS

Yeast two-hybrid screening and cloning of hnRNP A1 and
A/B.

The DupLEX-ATM yeast two-hybrid system (OriGene Tech,

Rockville, MD) was used to identify PABPN1 interacting

proteins. To generate bait for the yeast two-hybrid screening, the

cDNA encoding the C-terminus of PABPN1 from amino acids

249 to 306 was cloned with EcoR1/BamH1 into vector

pEG202NLS that allows the fusion of the bait to the DNA

binding domain of LexA. A human fetal brain cDNA library

(OriGene Tech, Rockville, MD) was constructed in vector pJG4-

5 that fuses proteins to the transcription activation domain of

B42. The lacZ gene in construct pSH18-34 and LEU2 gene in the

genome of yeast strain EGY48 were used as reporter genes. The

pEG202NLS-AA249-306, pSH18-34 and library construct

pJG4-5 were co-transformed into EGY48. The clones were

characterized as positive if the yeast cells turn blue in the

presence of X-gal and grow in the absence of leucine. EST

clones 549503 and 610850 encoding the full-length cDNA of

hnRNP A1 and hnRNP A/B, respectively, were obtained from

IMAGE.

The full-length human PABPN1 cDNA and the cDNA

encoding AA287-306 of PABPN1 were cloned into vector

pEG202 with EcoR1/BamH1. The full-length cDNAs of hnRNP

A1 and A/B were cloned into vector pJG4-5 with EcoR1/Xho1.

All constructs were verified by DNA sequencing. β-

galactosidase liquid assays was performed exactly as

described.40 The β-galactosidase unit is calculated using the

formula [A
420

x 1000] / A
600

x time (in min) x volume (in ml)].

In vitro binding assay
To make GST-PABPN1 fusion protein, the coding cDNA of

wtPABPN1 was cloned into the GST vector pGEX-5X-1

(Amersham Pharmacia Biotech, Piscataway, NJ) allowing the

fusion of GST to the N-terminus of PABPN1. The construct was

verified by DNA sequencing and transformed into E. Coli XL1-

Blue. The Bulk and RediPack GST purification modules

(Amersham Pharmacia Biotech, Piscataway, NJ) were used for

expression and purification of GST-PABPN1 according to

manufacturer’s instructions. Purified proteins were analyzed by

Western blotting using anti-GST antibody. The cDNAs of

hnRNP A1 and A/B were cloned with EcoR1/Xho1 into the

vector pJG4-6 that allows the fusion of the HA tag to the N-

termini of A1 and A/B. HA tagged hnRNP A1 and A/B were

expressed in the yeast strain EGY48 and confirmed by Western

blotting using the antibody against the HA epitope. GST pull-

down assay was performed exactly as described.40

Immunofluorescence
The cDNAs encoding the wild-type PABPN1 (wtPABPN1)

and polyalanine-expanded PABPN1 with 17 alanines
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(mPABPN1) were cloned with EcoR1/BamH1 into the GFP

(green fluorescent protein) vector pEGFP-C2 (Clontech, Palo

Alto, CA) which allows the fusion of GFP to the N-terminus of

PABPN1 proteins. The cDNAs of hnRNP A1 and A/B were

cloned into pEGFP-C2 (with the GFP gene removed) using

EcoR1-Xho1. The HA tag sequence was inserted into the

construct at the EcoR1 site. The constructs were verified by

DNA sequencing. COS-7 cells were transfected or co-transfected

using Lipofectamine reagent (Gibco BRL, MD) according to the

manufacturer’s instructions. In 72 hours, the transfected cells

were fixed with 4% paraformaldehyde and immunodetection

was performed using an anti-HA antibody (Santa Cruz Biotech,

CA) (1:500). Rhodamine conjugated secondary antibody (1:500)

was used, and the signals were visualized using a fluorescent

microscope. To remove the soluble proteins, the co-transfected

cells were treated with 0.5M potassium chloride (KCl) in HPEM

(30 mM HEPES, 65 mM Pipes, 10 mM EDTA, 2 mM MgCl
2
, pH

6.9) for five minutes at room temperature. Then the cells were

fixed and immunodetected using an anti-HA antibody.

The microtome sections of paraffin-embedded deltoid muscle

from an OPMD patient and a control subject were used. Sections

were deparaffinized, permeabilized and immunostained with

polyclonal anti-PABPN1 antibody or monoclonal antibody

against hnRNP A1. Rhodamine conjugated secondary antibody

was used and the signal was visualized using a fluorescent

microscope. To remove the soluble proteins, the deparaffinized

sections were treated with 1 M KCl in HPEM for five minutes at

room temperature before the immunostaining was performed.

Immunoprecipitation
In 48 hours post-transfection, the COS-7 cells co-expressing

GFP-wtPABPN1 and HA-hnRNP A1 or A/B were washed twice

with ice-cold phosphate buffer, lysed using Nonidet-P-40 lysis

buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol, 0.5%

NP-40, protease inhibitors) and further disrupted by

homogenizing. The lysate was briefly spined. The supernatant

was added with DNase 1 and RNase A to remove DNA and

RNA, and incubated overnight at 4oC with 5 µg of polyclonal

GFP antibody (Clontech, Palo Alto, CA) and 50 µl of Protein A

Sepharose 4 Fast Flow suspension (Amersham Pharmacia

Biotech, Piscataway, NJ). The beads were washed six times with

washing buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10%

glycerol, 0.1% NP-40) and suspended in 40 µl of protein sample

buffer and heated to 95oC for five minutes. The immuno-

precipitates were resolved on 12% SDS-PAGE, probed with anti-

HA antibody. The same membrane was stripped and re-probed

with anti-GFP antibody.

Figure 1: Yeast two-hybrid analysis of the interactions between
PABPN1 and hnRNP A1 or A/B. AA249-306 of PABPN1 was used as bait
to screen a human fetal brain cDNA library. The LacZ and LEU2 were
used as reporter genes. The interaction between two co-expressed
proteins was characterized as positive if the yeast cells express β-
galactosidase (LacZ gene activated) and grew in the absence of leucine
(LEU2 gene activated). β-galactosidase activity was measured using β-
gal liquid assay. In the –leucine column, (+): yeast cells grow in the
absence of leucine; (-): not grow. A: alanine stretch; PRR: proline rich
region; RBD: putative RNA binding domain.

Figure 2: GST pull-down analysis of the interaction between PABPN1
and hnRNP A1 or A/B. (A) Expression of GST and GST-PABPN1. The
proteins were expressed in bacteria, purified using Bulk and RediPack
GST Purification Modules, and detected using anti-GST polyclonal
antibody. (B) The hnRNP A1 and A/B were HA tagged, expressed in
yeast cells and confirmed by Western blotting using anti-HA polyclonal
antibody (the right two lanes). Yeast cells were lysed and the lysate was
incubated with 5 µg purified GST or GST-PABPN1 obtained from A,
pulled-down by Glutathione Sepharose 4B beads, and assayed by
Western blotting using the HA antibody.
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RESULTS

hnRNP A1 and A/B interact with PABPN1
The yeast two hybrid system was used to search for proteins

interacting with the C-terminal domain of PABPN1 (AA249-

306) that excludes the putative RNA binding domain. 3x106

clones were screened, and 20 positive clones were isolated from

a human fetal brain cDNA library, seven of which encoded

hnRNP A1, and five encoded hnRNP A/B. The hnRNP A/B was

previously named C-type hnRNP protein,44 and subsequently

renamed to type A/B hnRNP protein.45 The full-length cDNA for

hnRNP A1 and A/B were obtained from Integrated Molecular

Analysis of the Human Genome and its Expression (I.M.A.G.E.)

(ID A1: 549503; A/B: 610850), and the full-length hnRNP A1

and A/B proteins were tested for interacting to PABPN1. Both

full-length PABPN1 and its C-terminus strongly interact with

hnRNP A1 or A/B, while the last 20 amino acid segment

(AA287-306) does not interact with either hnRNP A1 or A/B

(Figure 1).

Interaction between PABPN1 and hnRNP A1 or A/B was
confirmed by GST pull-down and immunoprecipitation
assays

To confirm the observed interaction, we performed a GST

pull-down assay. PABPN1 was fused to GST, while hnRNP A1

and A/B were HA tagged. The GST tagged proteins were

incubated with HA tagged proteins and pulled down by

glutathione sepharose 4B beads. The pulled-down proteins were

resolved on SDS-PAGE, and blotted with anti-HA antibody.

GST-PABPN1 is able to pull-down HA tagged hnRNP A1 and

A/B while GST alone is not (Figure 2). In co-immunoprecipi-

tation assay, the wild-type PABPN1 (wtPABPN1) was fused to

the green fluorescent protein (GFP), while hnRNP A1 and A/B

were HA-tagged. GFP and HA fusion proteins were co-

expressed in COS-7 cells. The cells were homogenized and the

lysates were treated with DNase 1 and RNase A to digest the

DNA and RNA. The GFP fusion proteins were

immunoprecipitated using GFP polyclonal antibody, and the

immunoprecipitates were resolved on SDS-PAGE and blotted

with anti-HA antibody. Both HA tagged hnRNP A1 and A/B are

co-immunoprecipitated with GFP-wtPABPN1, but cannot be

precipitated using polyclonal anti-histidine antibody (Figure 3).

Polyalanine-expanded PABPN1 induces insoluble
intranuclear aggregates

It was reported that the expression of polyalanine-expanded

PABPN1 (mPABPN1) in COS-7 cells induces large insoluble

intranuclear protein aggregates.39-42 We expressed GFP-

wtPABPN1, GFP-mPABPN1 (with 17 alanines), HA-hnRNP A1

and HA-hnRNP A/B in COS-7 cells. Three days post-

transfection, the transfected cells were either fixed or treated

with 0.5 M KCl in HPEM before fixation. Potassium chloride

treatment can remove soluble proteins that are not associated

with insoluble pathological protein aggregates.36 The HA tagged

proteins were immunodetected using the anti-HA antibody and a

rhodamine conjugated secondary antibody. All the expressed

proteins are predominantly localized to the nucleus (Figure 4).

GFP-wtPABPN1, HA-hnRNP A1 and A/B are soluble proteins

and are therefore not resistant to KCl treatment. However, the

aggregates induced by mPABPN1 are resistant to KCl treatment.

hnRNP A1 and A/B co-localize with mPABPN1 to the
intranuclear insoluble aggregates

The hnRNP proteins are predominantly nuclear RNA binding

proteins and distribute throughout the nucleoplasm (Figure 4). In

order to examine whether hnRNP A1 and A/B are involved in

intranuclear protein aggregation induced by mPABPN1, the HA

Figure 3: Co-immunoprecipitaion of hnRNP A1 and A/B with
wtPABPN1. (A) GFP-wtPABPN1 and HA-hnRNP A1 were co-expressed
in COS-7 cells. The GFP-wtPABPN1 was immunoprecipitated using
polyclonal GFP antibody and the immunoprecipitates were resolved on
SDS-PAGE and blotted using anti-HA polyclonal antibody to check the
presence of HA-hnRNP A1 (middle lane). The polyclonal anti-Histidine
antibody was used as a negative control (right lane). The cell lysate
without immunoprecipitation was used to check the expression of HA-
hnRNP A1 (left lane). The same Western blot was stripped and re-
detected with anti-GFP antibody to confirm the presence of GFP-
wtPABPN1 in the immunoprecipitates (lower panel). (B) The same
experiment as (A) was performed except using hnRNP A/B instead of A1.
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Figure 4: Expression of mPABPN1 induces insoluble intranuclear
aggregates. GFP-wtPABPN1, HA-hnRNP A1, HA-hnRNP A/B, and
GFP-mPABPN1 were transiently expressed in COS-7 cells. Three days
post-transfection, the transfected cells were either fixed (left panels) or
treated with 0.5 M KCl in HPEM buffer to remove the soluble proteins
(right panel). The HA-hnRNPs expressed cells were immunostained
using anti-HA antibody. Arrowheads indicate the nuclei containing
insoluble aggregates induced by mPABPN1.

Figure 6: The intranuclear inclusions in OPMD muscle nuclei sequester
PABPN1 and hnRNP A1. Immunohistochemistry was performed on cross
microtome sections of the deltoid muscle from a control subject (A, B, C,
and D) and an OPMD patient (E, F, G and H). Sections were either
immunostained without KCl treatment (A, C, E, and G) or treated with
1 M KCl in HPEM buffer for 5 min. at room temperature before
immunustaining to remove soluble proteins (B, D, F and H).
Immunohistochemistry was done using polyclonal anti-PABPN1
antibody (A, B, E and F) or monoclonal anti-hnRNP A1 antibody (C, D,
G and H), and rhodamine conjugated secondary antibody. Arrowheads
indicate the positively stained insoluble intranuclear inclusions.

Figure 5: The hnRNP A1 and A/B co-localize with mPABPN1 to the insoluble intranuclear aggregates. (A) HA-hnRNP A1 and GFP-mPABPN1 were
co-expressed in COS-7 cells. In 72 hrs, the cells were either fixed (a and b) or treated with 0.5M KCl in HPEM buffer before fixation (c). The HA-
hnRNP A1 was immunostained using an anti-HA polyclonal antibody and rhodamine conjugated secondary antibody (in red). Pictures were taken under
low magnification to show the efficiency of transfection (a), high magnification to enable to see the aggregates (b and c), and composition to show the
co-localization (left). (B) The same experiment as (A) was performed except using hnRNP A/B instead of A1.

A B
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tagged hnRNP proteins were co-expressed with GFP-mPABPN1,

and detected by immunocytochemistry using anti-HA antibody

and a rhodamine conjugated secondary antibody. Without KCl

treatment, A1 and A/B are predominantly localized to the

nucleus (Figures 4 and 5). After KCl treatment, the soluble A1

and A/B are removed, but the KCl resistant aggregates still

contain hnRNP A1 and A/B signals (Figure 5). These signals co-

localize completely with mPABPN1 aggregates (see the gold

aggregates in Figure 5).

Insoluble OPMD nuclear inclusions contain hnRNP A1
PABPN1 in nuclear inclusions of the muscle from OPMD

patients is insoluble and resistant to KCl treatment, whereas the

protein localized in the nucleoplasm is solubilized.36,40 In order

to confirm whether hnRNP A1 is part of the insoluble nuclear

inclusions from the OPMD patient, we detected the presence of

PABPN1 and hnRNPA1 in muscle nuclei from an OPMD patient

and a control subject using immunohistochemistry (Figure 6). In

the control subject, both PABPN1 and hnRNP A1 are soluble and

not resistant to KCl treatment (Figures 6B and 6D), whereas in

the OPMD patient, both PABPN1 and hnRNP A1 localize to the

insoluble nuclear inclusions that are resistant to KCl treatment

(Figures 6F and 6H). We also performed co-immunostaining

using polyclonal anti-PABPN1 and monoclonal anti-A1

antibodies. Unfortunately, these two antibodies were not

compatible and failed to pick up PABPN1 and A1 on the same

section. The presence of hnRNP A/B in OPMD nuclear

inclusions could not be detected due to the lack of efficient anti-

hnRNP A/B antibody.

DISCUSSION

The yeast two-hybrid library screen is an efficient and

sensitive method to look for protein interacting partners but, with

RNA binding proteins, false positive results may occur since

RNA can bridge two RNA binding proteins together. It was

previously shown that a double point mutant of PABPN1 in the

putative RNA binding domain (Y to A at position 175, F to A at

position 215) loses its RNA activity,46 indicating that the C-

terminus AA249-306 does not have RNA binding activity. We

therefore used the C-terminus of PABPN1 from AA249-306,

excluding the putative RNA binding domain, as bait to screen the

cDNA library, and identified PABPN1 interacting proteins

hnRNP A1 and A/B.  The observations were further confirmed

by GST pull-down and immunoprecipitation assays, indicating

the interactions between PABPN1 and these hnRNP proteins are

real, and not false positives caused by their RNA binding

activities. PABPN1 coats the RNA poly(A) tail, while hnRNP

proteins bind to the rest of the RNA molecule. The binding

domain in PABPN1 for hnRNP A1 or A/B is located in the C-

terminus that does not overlap the putative RNA binding domain,

suggesting that PABPN1 is able to interact with these hnRNP

proteins while binding to the poly(A) tail. We have recently

found that the last 18 residues of PABPN1 from AA289-306

serve as a nuclear localization signal (NLS) for this protein

(unpublished observation). The segment of PABPN1 from

AA287-306 does not interact with hnRNP A1 and A/B, implying

that the NLS of PABPN1 is not the binding domain for these two

hnRNP proteins.

PABPN1 is an abundant nuclear protein that normally forms

nuclear speckles,47 while expression of mPABPN1 with

expanded polyalanines in cells induces the formation of large

intranuclear aggregates.39-42 hnRNP A1 and A/B are also

predominantly localized to the nucleus, but do not form speckles

(Figure 4). PABPN1 present in the OPMD inclusions is resistant

to KCl treatment, like other pathological aggregates that are

typically insoluble in KCl.36 The wtPABPN1, hnRNP A1 or A/B

expressed in COS-7 cells are not resistant to KCl treatment,

while the large intranuclear aggregates induced by mPABPN1

are. These observations suggest that intranuclear aggregates

induced by mPABPN1 have the same insoluble property as the

ones found in OPMD patients. When hnRNP A1 and A/B are co-

expressed with mPABPN1 in COS-7 cells, the hnRNP proteins

co-localize to the aggregates that are resistant to KCl treatment.

Studies on muscle tissue from OPMD patients also showed that

hnRNP A1 is localized to the insoluble OPMD nuclear

inclusions. Thus, we conclude that OPMD intranuclear

inclusions sequester hnRNP proteins that interact with PABPN1.

Oculopharyngeal muscular dystrophy is caused by the

expansion of a polyalanine stretch in PABPN1 from 10 to 12-17

residues,12 which leads to intranuclear protein aggregation and

cellular toxicity.39-42 In addition to genetic evidence, PABPN1 is

detected in OPMD nuclear inclusions using immunohisto-

chemistry,36,37 suggesting a direct role in protein aggregation. We

have recently found two oligomerization domains that are

located in the C-terminus of PABPN1 far from the polyalanine

stretch. Inactivating oligomerization by deletions in either of the

oligomerization domains prevents intranuclear protein

aggregation and reduces death rate of the cells expressing the

non-oligomerizing mPABPN1.40 Those observations suggest that

OPMD intranuclear aggregates might be toxic and critical in

initiating OPMD pathogenesis. That raises the question of why

OPMD intranuclear aggregates are toxic. Patient studies showed

that OPMD nuclear inclusions sequester poly(A) RNA,

suggesting that these inclusions might be “mRNA traps” that

interfere with mRNA export.36 Using the N-terminus of PABPN1

as bait in yeast two hybrid screen, Kim et al41 recently identified

a PABPN1 interaction with SKIP, a potential co-transcription

factor working with PABPN1 in muscle cells to stimulate

muscle-specific gene expressions. SKIP might be sequestered in

the OPMD intranuclear inclusions. Identification of hnRNP

proteins in OPMD intranuclear inclusions suggests that: 1) OPMD

intranuclear inclusions sequester PABPN1 interacting proteins;

2) OPMD intranuclear inclusions interfere with mRNA export as

hnRNP proteins are involved in this function.

The hnRNP proteins are predominantly nuclear RNA-binding

proteins associated specifically with pre-mRNA and mRNA

molecules.48,49 The nucleocytoplasmic shuttling protein, hnRNP

A1 has been reported to play a direct role in mRNA export.49-52

PABPN1 is also a shuttling protein, coating the poly(A) tail of

mRNA in the nucleus, and is suggested to involve in mRNA

export.46 hnRNP A1 and A/B were identified using the C-

terminus of PABPN1, suggesting that the hnRNPs can interact

with the wild-type PABPN1. The interaction between hnRNP A1

and PABPN1 is probably required for packaging mRNA for

export. Identifying hnRNP A1 in OPMD intranuclear aggregates

provides evidence that OPMD aggregates may interfere with

mRNA export. 

The hnRNP A1 protein is also involved in pre-mRNA
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splicing, telomere length maintenance, transcription regulation

and pre-mRNA 3’-end processing.53 Sequestering some hnRNP

A1 molecules in the OPMD aggregates probably reduce the

normal concentration of this protein in the nucleus and affect its

functions. It could also be detrimental to the cell if, to carry out

its normal function, hnRNP A1 needs its interacting partner

PABPN1 which is largely aggregated in the OPMD inclusions.

Therefore, it is possible that the intranuclear inclusion might

interfere with hnRNP functions.

The hnRNP A/B is homologous to hnRNP A1.45,48 The

binding of hnRNP A/B to RNA disrupts the residual secondary

structure of RNAs.48 Its isoform protein was cloned in 1997 and

named ABBP-1.54 ABBP-1 binds apolipoprotein B (apoB)

mRNA and is involved in apoB pre-mRNA editing.54 ApoB

mRNA editing is a post-transcriptional regulation, consists of a

C to U conversion of the codon CAA, encoding glutamine 2153,

to UAA, an in-frame stop codon in apoB mRNA.55 The process

requires the presence of the poly(A) tail of apoB mRNA.56

Because the poly(A) tail of mRNA is always coated by PABPN1

molecules in the nucleus, the interaction between ABBP-1 and

PABPN1 implies that PABPN1 might be involved in apoB

mRNA editing. Sequestering hnRNP A/B protein in OPMD

intranuclear inclusions suggests that the inclusions might

interfere with mRNA processing and trap pre-mRNA.

The presence of abnormal protein aggregates is a common

finding in a number of neuronal degenerative diseases.18,57

Expansions of the polyglutamine stretch in the disease gene

products lead to protein aggregation and abnormal association

with various cell proteins.57,58 Pathogenesis studies showed that,

although polyglutamine tracts themselves are very toxic,

residues outside of the polyglutamine tract in each disease-

causing protein have an important role in defining the course and

specificity of disease.58 These residues participate in important

cellular processes such as the subcellular localization of the

polyglutamine protein and its interaction with other cellular

molecules important in disease progression.58 These

observations also apply to OPMD, since OPMD aggregates

sequester PABPN1 interacting proteins such as hnRNPs, SKIP,41

and mRNAs.36 Interestingly there is no evidence indicating that

polyalanine expanded PABPN1 loses any of its known functions.

In vitro polyadenylation assay showed that polyalanine expanded

PABPN1 is still able to stimulate RNA poly(A) tail synthesis and

control its length (unpublished observation). The poly(A) length

of mRNA isolated from muscle of OPMD patients is not

affected.36 However, polyalanine expanded PABPN1 has a gain-

of-function that induces the formation of large intranuclear

protein aggregates,39-42 and these aggregates are toxic and

associated with cell death.40 We suggest that OPMD intranuclear

inclusions that trap mRNA and sequester PABPN1 interacting

proteins play critical roles on this disease progression. 
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