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Abstract
Ubiquitination is a key event for protein degradation by the proteasome system, membrane protein
internalization, and protein trafficking among cellular compartments. Few data are available on the
role of the ubiquitin–proteasome system (UPS) in the trafficking of neuronal nicotinic
acetylcholine receptors (nAChRs). Experiments conducted in neuron-like differentiated rat
pheochromocytoma cells (PC12 cells) show that the α3, β2, and β4 nAChR subunits are
ubiquitinated and that their ubiquitination is necessary for degradation. A 24-h treatment with the
proteasome inhibitor PS-341 increased the total levels of α3 and the two β subunits in both whole
cell lysates and fractions enriched for the ER/Golgi compartment. nAChR subunit upregulation
was also detected in plasma membrane-enriched fractions. Inhibition of the lysosomal degradation
machinery by E-64 had a significantly smaller effect on nAChR turnover. The present data,
together with previous results showing that the α7 nAChR subunit is a target of the UPS, point to a
prominent role of the proteasome in nAChR trafficking.
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Introduction
Neuronal nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-gated ion
channels formed, in most instances, by combinations of α and β subunits (De Biasi 2002; Le
Novere et al. 2002). The central nervous system expresses nine α subunits (α2–α10) and
three β subunits (β2–β4; Albuquerque et al. 2009) which can yield receptors with different
subunit composition (Dani and De Biasi 2001; De Biasi and Salas 2008). The number of
nAChRs presents at the plasma membrane impacts nicotinic cholinergic function in both
physiological conditions and disease. For example, the expression of various nAChR
subtypes is tightly regulated during development as nAChR activity can influence
neurogenesis, cell migration and differentiation, and synaptogenesis (Dwyer et al. 2009).
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Prolonged exposure to nicotine leads to nAChR upregulation (Wang et al. 1998; Rezvani et
al. 2007), a phenomenon thought to contribute to the addictive properties of tobacco (Dani
and De Biasi 2001; De Biasi and Salas 2008). Finally, neurodegenerative diseases such as
Alzheimer’s disease and dementia with Lewy body are accompanied by decreases in nAChR
densities (Court et al. 1999, 2001). Understanding how nAChR levels are regulated is a
critical step toward the design of drugs that address addiction and neurological disease.

Several factors control the abundance of plasma membrane receptors, including the rate and
the efficiency of protein assembly, the endoplasmic reticulum-associated degradation
(ERAD) system, and the rate of transport from endoplastic reticulum (ER) to plasma
membrane (Yi and Ehlers 2005; Haas and Broadie 2008). Most of the information available
on nAChR synthesis and trafficking comes from studies conducted in muscle nAChRs
(Wang et al. 2002; Christianson and Green 2004; Lu et al. 2007; Wanamaker and Green
2007). After translation and post-translational modifications, chaperones such as the ER
luminal binding protein, BiP (Blount and Merlie 1991; Paulson et al. 1991; Forsayeth et al.
1992), calnexin (Gelman et al. 1995; Keller et al. 1996), and RIC-3 (Castelan et al. 2008)
promote proper folding and maturation of nAChR subunits. The process of folding and
pentamer assembly is a prerequisite for the exit from the ER (Smith et al. 1987; Gu et al.
1991; Keller et al. 2001), and unassembled or misfolded receptors are targeted for
degradation by the ERAD machinery (Merlie and Lindstrom 1983; Keller et al. 2001;
Wanamaker et al. 2003). Nicotinic AChRs that pass the ERAD checkpoint are exported in
coat protein complex II vesicles from the ER to the Golgi, presumably after masking of
specific ER retention signals (Keller et al. 2001; Wang et al. 2002), and recognition of ER
export motifs in properly folded and oligomerized nAChR subunits. Besides degrading
misfolded proteins, proteasomes associated with ERAD function provide tight regulation of
surface receptor densities by controlling the fraction of proteins that mature to multimers
(Christianson and Green 2004; Meusser et al. 2005; Yan et al. 2005; Vembar and Brodsky
2008). The lysosomal degradation machinery is also present at the ER level and might
participate in ERAD function (ERAD II; Fujita et al. 2007). Whether nAChR trafficking at
the ER/Golgi level is controlled by proteasomes, lysosomes, or both is not completely
understood.

In the present study, we examined the influence of proteasomes and lysosomes on the
trafficking of nAChRs containing the α3, β2, or β4 subunits.

Results
We used differentiated PC12 (dPC12) cells to study the influence of both proteasomes and
lysosomes on the turnover of the α3, β2, and β4 nAChR subunits. dPC12 cells were
incubated for 24 h with either vehicle, the proteasome inhibitor PS-341, or the lysosome
inhibitor E-64 (Ahlberg et al. 1985) in the presence of the protein synthesis blocker,
emetine. To validate the system, the cell lysates were first subjected to western blotting with
anti-ubiquitin antibodies. A typical ladder of high molecular weight, ubiquitinated proteins
was detected in PS-341-treated cells (Fig. 1a). Quantification of the ubiquitin ladders from
three different cell lysates confirmed a significant increase in ubiquitin signal in the cells
treated with the proteasome inhibitor (F(2,6)=15, P≤0.005). Interestingly, a slight, although
non-statistically significant, increase in the levels of ubiquitinated proteins could be also
observed upon lysosomal inhibition (Fig. 1b). When we measured the chymotrypsin-like
activity of the cell lysates (Kisselev and Goldberg 2005), we detected robust inhibition of
chymotrypsin activity by PS-341 (~73%). Significant inhibition of chymotrypsin-like
activity was also observed in the presence of E-64 (~11%; F(2,6)=470, P≤0.0001; Fig. 1c),
likely reflecting a non-specific inhibitory effect of E-64 on proteasomal activity (Grinde and
Seglen 1980).
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To determine whether inhibition of the proteasome complex can prevent nAChR
degradation, we probed Western blots from the same cell lysates with antibodies against α3,
β2, or β4. As shown in Fig. 1d–g, PS-341 reduced nAChR subunit degradation compared to
control, leading to an increase in total levels of α3 (F(2,6)=5, P≤0.05), β2 (F(2,6)=7.9,
P≤0.05), and β4 (F(2,6)=28.5, P≤0.0005) nAChR subunits. Similar results were obtained in
HEK and dPC12 cells using another proteasome inhibitor, MG132 (data not shown). Visual
inspection of the blots suggested a potential inhibitory effect of E-64 on nAChR subunit
degradation, in particular that of β2. However, quantification of the antibody signals in the
three separate experiments performed did not reach statistical significance (Fig. 1e–g).

The same cell lysates used for the experiments described in Fig. 1 were used to precipitate
the α3, β2, and β4 subunits via the corresponding primary antibody immobilized onto
Protein A/G agarose. This method allows pull-down of both non-ubiquitinated and
ubiquitinated subunits (Christianson and Green 2004). As seen in Fig. 2, a ladder of high-
molecular-weight forms of ubiquitinated subunits appeared after Western blots were probed
with anti-ubiquitin. PS-341 increased the ubiquitinated levels of all three subunits examined,
but its effects were more robust on α3 and β2 than β4. Similar data (not shown) were
obtained in HEK cells stably expressing α3β2 or α3β4 nAChRs. In those experiments, the
p62-derived UBA domain was used to selectively pull down ubiquitinated nAChR subunits.

As discussed previously, ERAD, located at the ER membrane and the cis-Golgi
compartments (Haynes et al. 2002), is important for the degradation of muscle ubiquitinated
nAChRs (Christianson and Green 2004). To verify the involvement of ERAD in the
regulation of neuronal nAChR subunits, we examined whether proteasomal inhibition leads
to accumulation of nAChR subunits within the ER/Golgi compartments. We also asked
whether proteasomal inhibition affects nAChR levels at the plasma membrane. Lysates of
dPC12 cells treated with either vehicle or PS-341 were subjected to a discontinuous
iodixanol gradients fractionation (Koulen et al. 2002). The location of ER and Golgi was
determined using antibodies against calreticulin (ER marker; data not shown, Khanna et al.
2004) and the cis-Golgi matrix protein, GM-130 (Nakamura et al. 1995). Alkaline
phosphodiesterase activity was measured to identify plasma membrane enriched fractions
(data not shown; Touster et al. 1970; Wibo et al. 1981). Figure 3a–c displays the results of
separate fractionation experiments that were conducted to examine the effect of PS-341 on
α3, β2, and β4, respectively. Fractions enriched for the ER/Golgi and the plasma membrane
compartments were analyzed by Western blot analysis with antibodies against the α3, β2,
and β4 nAChR subunits, respectively. Panels a–c in Fig. 3 show a significant upregulation of
total subunit-protein levels in fractions enriched for the ER/Golgi compartment. In addition,
PS-341 significantly upregulated the level of α3 and β2 nAChR subunits within relatively
pure fraction for plasma membrane (lanes marked with asterisk in panels a and b). Exposure
to PS-341 also caused an increase in GM-130 levels, which could be due to the ER stress
response (Li et al. 2008). Finally, to determine whether ubiquitinated neuronal nAChR
subunits sediment with fractions enriched for the ER/Golgi compartment, we combined the
three fractions most enriched for the ER/Golgi and subjected them to p62 pull down
followed by probing with anti-α3. As shown in Fig. 3d, we observed an accumulation of
ubiquitinated α3 in the presence of PS-341. Thus, ubiquitination is the event that likely
initiates the degradation of nAChR subunits by ERAD at the ER/Golgi level (Fig. 4).

Discussion
Our results indicate that the UPS regulates the turnover of the α3, β2, and β4 nAChR
subunits at the ERAD level. The selective proteasome inhibitor, PS-341 increased both total
and ubiquitinated levels of nAChR subunits. Ubiquitinated nAChRs that cannot be degraded
by the proteasome upon PS-341 exposure can be “recycled” via de-ubiquitination and spared
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from degradation (Rock et al. 1994; Mimnaugh et al. 1999), resulting in increased receptor
levels. In addition, cell fractionation experiments showed that exposure to PS-341 leads to
the accumulation of α3, β2, and β4 in fractions enriched for the cis-Golgi marker, GM-130.
The increase in nAChR pool at the Golgi is likely due to a slower degradation rate of
unassembled nAChR subunits at the ER level, which would promote receptor assembly and
maturation (Claudio et al. 1989; Blount and Merlie 1990). The same mechanism has been
previously suggested for muscle nicotinic receptors (Keller et al. 2001; Christianson and
Green 2004).

Besides facilitating nAChR trafficking in the secretory pathway, proteasomal inhibition
augmented nAChR levels in plasma membrane-enriched fractions. This effect was
particularly evident for the α3 and β2 subunits. Interestingly, nicotine contained in tobacco,
which we showed to act as a partial proteasome inhibitor (Rezvani et al. 2007), can also
upregulate β2-containing nAChRs at the plasma membrane. Its effects are robust on β2-
containing but not for β4-containing nAChRs (Wang et al. 1998; Rezvani et al. 2009).
Understanding why assembly and trafficking of β2-containing nAChRs is more susceptible
to ERAD function will require further study. Differences in conformational structure
between the β2 and β4 subunit could perhaps explain the phenomenon, as they could both
influence the rate of nAChR maturation and determine which protein partner is recruited
during trafficking (Phillips et al. 1997; Ficklin et al. 2005; Castillo et al. 2006; Brockhausen
et al. 2008; Rezvani et al. 2009)

The lysosome can target ubiquitinated proteins for degradation (Komatsu et al. 2006) both at
the ERAD II level and in the post Golgi compartment (Beck et al. 1999; Blondel et al. 2004;
Pizzirusso and Chang 2004; Eimer et al. 2007). The autophagy/lysosome pathway, ERAD
II, might function as support/alternative mechanism for the degradation of ubiquitinated
proteins at the ER level (Komatsu et al. 2006; Fujita et al. 2007). We detected an apparent
increase in the levels of total protein ubiquitination upon E-64 exposure. Although the
phenomenon could be interpreted to reflect the block of ERAD II, we showed that E-64
induced ~11% reduction in chymotrypsin-like activity, pointing to a possibly nonspecific
effect of the drug. The lysosome could still regulate nAChR subunit levels as AChRs exit
the Golgi compartment or after they have been endocytosed. In fact, it has been shown that
the Caenorhabditis elegans orthologs of the muscle nAChR subunits, levamisole-sensitive
AChRs, are targeted by lysosomal degradation in the post-Golgi compartment (Eimer et al.
2007). Endocytosed plasma membrane nAChRs also seem to directly go to late endosomes
for lysosomal degradation (Clementi et al. 1983; Hyman and Froehner 1983; Darsow et al.
2005; Kumari et al. 2008). AMPA receptors provide another example of ligand-gated ion
channels that are regulated by both the proteasome and lysosome (Ehlers 2000; Patrick et al.
2003; Lee et al. 2004).

In summary, although we cannot completely rule out the involvement of the lysosomal
degradation machinery, our data clearly show that the α3, β2, and β4 nAChRs are regulated
by the proteasome at the ERAD level. These data, in addition to those previously published
in this lab (Rezvani et al. 2007), suggest a general role of the UPS in the trafficking of
neuronal nAChRs.

Materials and Methods
Antibodies

Polyclonal antibodies against the α3 (rabbit clone #sc-5590 for Western Blot and 1:500
dilution and goat clone #sc-1771 for immunoprecipitation) and β2 nAChR subunits (clone
H-92, 1:500) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit
polyclonal antibodies against the β4 nAChR subunit were purchased from Abnova (Walnut,
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CA). Anti-GM130 (BD Biosciences, San Jose, CA, 1:250) was used to locate the Golgi
compartments. Monoclonal anti-ubiquitin was purchased from Cell signaling (Danvers,
MA). A goat anti-mouse IgG HRP (Santa Cruz, 1:2,500), a mouse anti-rabbit IgG HRP
(Santa Cruz, 1:2,500), and a donkey anti-goat IgG HRP (Santa Cruz, 1:2,500) were used as
secondary antisera.

Cell Culture
PC12, a rat pheochromocytoma cell line (American Tissue Culture Collection, ATCC,
Manassas, VA), was cultured according to ATCC guidelines. Differentiated PC12 cells
(dPC12 cells) were obtained upon treatment with 100 ng/ml nerve growth factor (NGF,
Sigma) for 2–7 days.

To prepare cell lysates, cell pellets were rinsed three times with phosphate buffer serum
(pH=7.4) before addition of lysis buffer (20 mM Tris-HCl, pH 7.2; 1 ml/100 mm plate)
containing EDTA (1 mM), NaN3 (1 mM), β-mercaptoethanol (1 mM), NP40 (0.1% v/v),
glycerol (10% v/v), and a tissue extract protease inhibitor cocktail (Sigma). Cell extracts
were prepared by sonication on ice followed by centrifugation for 10 min at 13,000 rpm
with a table-top centrifuge. All cell extracts were subjected to Western blot analysis or
iodixanol gradient fractination after protein concentrations were determined with a BCA
Protein Assay Kit (Pierce, Biotechnology, Rockford, IL).

Drug Treatments
For the degradation assays, the proteasomal inhibitor PS-341 (0.5 μM; a gift from Dr John F.
de Groot, MD Anderson Cancer Center) or the lysosomal inhibitor E-64 (10 μM; Research
products international, Mt. Prospect, IL) were used in the presence of the protein synthesis
blocker emetine (150 μM, Calbiochem, San Diego, CA).

Immunoprecipitation and p62 Pull-Down Assays
Immuno-precipitations were conducted as described previously (Christianson and Green
2004; Karan et al. 2005). Pull-down assays were conducted with the agarose-immobilized
p62-derived UBA domain (Biomol) as previously described (Rezvani et al. 2007).

Iodixanol Gradient Analysis
Iodixanol gradient fractionation was conducted according to the method described by
Koulen et al. (Koulen et al. 2002). This method enabled us to have an optimized separation
of ER, Golgi, and plasma membrane compartment.

Statistics
An automated digitizing system (UN-Scan-it gel, version 6.1, Orem, Utah) was used to
quantify the intensity of Western blot bands. Statistical analysis was conducted using one-
way analysis of variance and the multiple comparison Newman–Keuls test, when
appropriate. A p value equal or less than 0.05 was considered statistically significant. All
data are reported as mean ± SEM.
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Figure 1.
The proteasome controls the degradation of the α3, β2, and β4 nAChR subunits in PC12
cells. Differentiated PC12 cells were treated with the proteasome inhibitor, PS-341, or the
lysosome inhibitor, E-64, in the presence of emetine, a protein synthesis inhibitor. a, b
Probing of cell lysates with anti-ubiquitin yielded a classical ladder of ubiquitinated proteins
(a) which indicated that PS-341 can significantly (b) increase the total levels of
ubiquitinated proteins in PC12 cell lysates. c. PS-341 inhibited proteasomal chymotrypsin-
like activity by ~73%. E-64 also induced a ~11% reduction in chymotrypsin-like activity. d–
g Exposure of the cells to PS-341 (d) resulted in a 2-fold increase in total levels of α3 (e), β2
(f), and β4 (g) over the three sets of experiments we conducted to examine each nAChR
subunit. There was a trend toward increased levels of subunits also in the presence of E-64,
but the results did not achieve statistical significance. *p≤0.05; **p≤0.005; ***p≤0.001

Rezvani et al. Page 10

J Mol Neurosci. Author manuscript; available in PMC 2011 June 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
The α3, β2, and β4 nAChR subunits are ubiquitinated. Differentiated PC12 cells, which
endogenously express α3β2 and α3β4 nAChRs, were treated with emetine for 24 h in the
presence or absence of PS-341. Cells lysates were incubated with anti-α3, anti-β2, or anti-β4
nAChR antibodies immobilized on protein A/G agarose beads. After SDS-PAGE separation
and blotting with anti-ubiquitin antibodies, we detected a ladder of ubiquitinated subunits.
Ubiquitinated species appear as clusters of high molecular weight bands (marked with
bracket)
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Figure 3.
The proteasome inhibitor PS-341 increases the levels of the α3, β2, and β4 nAChR subunits
in GM-130 positive cell fractions. Cell lysates were prepared from three batches of
differentiated PC12 cells treated with vehicle or PS-341 for 24 h in the presence of emetine.
Cell lysates were fractionated by centrifugation, using an iodixanol step gradient (8–34%
linear Iodixanol gradient) to separate the ER/Golgi and plasma membrane compartments.
Twenty fractions were collected from each cell lysate, and equal volumes of proteins from
each fraction were analyzed by SDS-PAGE and immunoblotting. The blots were probed
with antibodies against either α3 (a), β2 (b), or the β4 (c) nAChR subunit and the GM-130
Golgi marker (bottom blots in a–c). Cell treated with the proteasome inhibitor displayed
nAChR upregulation in the fractions enriched with GM-130. The level of the α3 and β2, but
not the β4, nAChR subunits was also increased in plasma membrane-enriched fractions
(marked with asterisk). d Fractions enriched for the Golgi compartment (fractions 15–17)
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were subjected to p62-pull down followed by SDS-PAGE and probing with anti-α3
antibody. The data show an accumulation of ubiquitinated α3 in the presence of PS-341
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Figure 4.
Protein degradation pathways and nAChR trafficking. Inhibition of the 26S proteasome can
facilitate the trafficking of fully assembled nAChRs toward the plasma membrane. ERAD I
is the main degradation pathway at the ER level while the lysosome might participate in
nAChR regulation at the Golgi level and, to a lesser extent, at the ER level (ERAD II)
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