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UBXD4, a UBX-Containing Protein, Regulates the Cell
Surface Number and Stability of a3-Containing Nicotinic
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Adaptor proteins are likely to modulate spatially and temporally the trafficking of a number of membrane proteins, including neuronal
nicotinic acetylcholine receptors (nAChRs). A yeast two-hybrid screen identified a novel UBX-containing protein, UBXD4, as one of the
cytosolic proteins that interact directly with the a3 and o4 nAChR subunits. The function of UBX-containing proteins is largely unknown.
Immunoprecipitation and confocal microscopy confirmed the interaction of UBXD4 with o3-containing nAChRs (a3* nAChRs) ex-
pressed in HEK293 cells, PC12 cells, and rat cortical neurons. Overexpression of UBXD4 in differentiated PC12 cells (dPC12) increased
nAChR cell surface expression, especially that of the a3 52 subtype. These findings were corroborated by electrophysiology, immunoflu-
orescent staining, and biotinylation of surface receptors. Silencing of UBXD4 led to a significant reduction of a3* nAChRs in rat cortical
neurons and dPC12 cells. Biochemical and immunofluorescence studies of endogenous UBXD4 showed that the proteinis located in both
the ER and cis-Golgi compartments. Our investigations also showed that the a3 subunit is ubiquitinated and that UBXD4 can interfere
with its ubiquitination and consequent degradation by the proteasome. Our data suggest that UBXD4 modulates the distribution of 3%
nAChRs between specialized intracellular compartments and the plasma membrane. This effect is achieved by controlling the stability of

the a3 subunit and, consequently, the number of receptors at the cell surface.

Introduction
nAChRs are pentameric ligand-gated ion channels composed of
a and B or a-only subunits (Le Novere et al., 2002). The a3
subunit coassembles with the 82, 84, and/or a5 subunits to yield
a3B2, a3a5B2, a3 B4, or a3a534 nAChR subtypes (Jensen et al.,
2005).

a3* nAChRs are highly expressed in the autonomic nervous
system (ANS), where they mediate acetylcholine-induced fast ex-
citatory ganglionic transmission (De Biasi, 2002). In addition to
their wide expression in the ANS, «3* nAChRs are present in
regions of the CNS including cortical deep layer IV, entorhinal
cortex, medial habenula, interpeduncular nucleus, basolateral
nucleus of the amygdala, locus ceruleus, and hypothalamus
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(Wada et al., 1989). The presence of 3* nAChRs in those CNS
regions could influence the behavioral effects of nicotine and
some manifestations of nicotine withdrawal (Salas et al.,
2004a,b).

nAChR subunits comprise an extracellular N-terminal do-
main followed by three transmembrane domains (M1-M3), a
large cytoplasmic domain, a fourth transmembrane domain
(M4), and a short extracellular C terminus (Jensen et al., 2005).
Several of those protein domains are involved in nAChR traffick-
ing. For example, the M1 transmembrane domain contains an ER
retention signal that is masked when the receptor is fully assem-
bled, allowing the receptors to pass the ER compartment (Wang
etal.,2002; Pons et al., 2004). nAChR levels are also influenced by
a degradation signal contained in the large intracellular loop
(Jeanclos et al., 2001; Lin et al., 2002; Conroy et al., 2003; Ficklin
etal,, 2005). The masking of degradation signals—possibly by an
adaptor protein—seems a required step for nAChR escape from
the checkpoint at the endoplasmic reticulum-associated degra-
dation (ERAD) level (Keller et al., 2001; Ren et al., 2005). It is
plausible that adaptor proteins act as chaperones to stabilize a3*
receptors at the ER and cis-Golgi compartment levels where the
ubiquitin—proteasome system (UPS) regulates protein trafficking
(Braun et al., 2002; Haynes et al., 2002; Jentsch and Rumpf,
2007).

Several adaptor proteins have been shown previously to reg-
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ulate nAChR trafficking. RIC-3 is necessary for proper folding/
assembly of nAChRs (Lansdell et al., 2005), particularly those
containing the &7 subunit (Williams et al., 2005). Rapsyn escorts
muscle and neuronal AChRs between different cellular compart-
ments (Kassner and Berg, 1997; Marchand et al., 2002), whereas
14-3-37 regulates the expression levels of a482 nAChRs (Jean-
clos et al., 2001). The adaptor protein ubiquilin-1 (Plic-1), par-
ticipates in the trafficking of a3* nAChRs by promoting their
degradation by the proteasome (Ficklin et al., 2005).

To further identify proteins that associate with a3* nAChRs
and might be involved in their trafficking, we used the large cy-
toplasmic domain of the a3 subunit as bait to screen a mouse
brain cDNA library via yeast two-hybrid (Y2H) screen. Here we
describe the isolation of a novel UBX-containing protein,
UBXD4, and show that UBXD4 is a specific adaptor protein for
a3* nAChRs.

Materials and Methods

Antibodies. Polyclonal antibodies against a3 (rabbit clone #sc-5590
against amino acids 346—445, and goat clone #sc-1771, against amino
acids 450—467, 1:200-500 dilution), 82 nAChR (clone H-92, 1:500 di-
lution), and monoclonal HA-antibody (1:500) were purchased from
Santa Cruz Biotechnology. Rabbit polyclonal antibodies against the C
terminus of a3 nAChR (against amino acids 496—503, 1:200 dilution)
and the C terminus of 84 nAChR (1:500 dilution) were purchased from
Biodesign International. Mouse monoclonal anti-TYG raised against the
synthetic peptide EVHTNQDPLD (Brookman et al., 1995) was a gift
from Dr. John Mayer (University of Nottingham, Nottingham, UK) (1:
1000). Pacific Immunology generated a rabbit polyclonal antibody
against a conserved 14 aa peptide, CIQRLQKTAEPFRKL, located at the
C terminus of the mouse UBXD4 protein (residues 245-258). In immu-
noblots of total cell and tissue lysates, the rabbit anti-peptide antibody
recognized a band of ~28 kDa corresponding to the UBXD4 protein. To
control for antibody specificity, we preabsorbed the UBXD4 antibody
with the immunogenic peptide (100X excess compared with antibody
molarity) followed by Western blot analysis. The peptide was able to
eliminate binding of anti-UBXD4 to UBXD4. Monoclonal antibodies
against GAL4 AD (1:1000) and GAL4 DNA-BD (1:1000) were purchased
from Clontech. Anti-cadherin receptor [Sigma, 1:1000, plasma mem-
brane (PM) marker], anti-Grp78 (anti-BiP, Stressgen, 1:1000, ER
marker), anti-calnexin (Santa Cruz Biotechnology, 1:500, ER marker),
anti-KDEL (Assay Designs, 1:400, ER/cis-Golgi marker), anti-GM130
(BD Biosciences, 1:250, Golgi marker), and anti-ERGIC-53 (Santa Cruz
Biotechnology, 1:500, ERGIC marker) antibodies were used to locate
different compartments. A goat anti-mouse IgG HRP (Santa Cruz Bio-
technology, 1:2500), a mouse anti-rabbit IgG HRP (Santa Cruz Biotech-
nology, 1:2500), Alexa Fluor 488 donkey anti-rabbit IgG and Alexa Fluor
594-conjugated donkey anti-goat IgG (Invitrogen, 1:1000), and Cy3 552
donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories,
1:1000) were used as secondary antisera.

Yeast two-hybrid screens. A bait encoding the intracellular domain and
transmembrane domains 3 (TM3) and 4 (TM4) of the mouse @3 nAChR
subunit was amplified by PCR and cloned into the GAL4 DNA binding
expression vector pGBKT7 DNA-BD (Clontech). The bait did not ex-
hibit any intrinsic activation function in the AH109 strain. This bait was
used to screen a mouse whole-brain ¢cDNA library pooled from 9- to
12-week-old BALB/c mice and constructed in a pACT2 DNA-AD vector
pretransformed into the yeast strain Y187 (Clontech). Approximately
1.8 X 107 transformants were screened and yielded 37 positive colonies.
Positives clones were selected on triple dropout media (—Leu/—His/
—Trp), and they were subsequently replated on quadruple dropout me-
dia (—Leu/—His/—Trp/—Ade) or on the triple dropout media with X-a-
Gal for a-galactosidase activity. The Y187 and AHI09 strains,
pretransformed with plasmids encoding known interacting proteins
(SV40 T-antigen and murine p53, respectively) were used as a positive
two-hybrid control. The negative control was AH109 carrying the clon-
ing vectors, pGBKT7 and pACT2.
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Isolated plasmids were sequenced, and blast searches were performed
against GenBank (NIH, genetic sequence database) to identify putative
a3-interacting proteins. The sequencing of a positive isolated clone was
identified as an 589 nt reading frame encoding the N terminus of UBXD4
(clone 42). To verify interactions, clone 42 as well as full-length UBXD4
(see plasmid constructs and Fig. 1a) cloned into the pACT2 DNA-AD
vector were cotransformed with the empty pGBKT7 or the pGBKT7
DNA-BD vector containing the intracellular loop of the a3 subunit into
yeast strain AH109. Baits encoding the large intracellular loop plus TM3
and TM4 of the nAChR subunits a4, a5, a7, B2, and 34 in a pGBKT7
DNA-BD vector were screened against clone 42 and full-length UBXD4
by one-on-one transformations. The fidelity of constructs was confirmed
by automated sequencing. All template fusions were adequately ex-
pressed in yeast with expected sizes as determined by Western blot anal-
ysis of protein extracts using the TCA method described in the Yeast
Protocols Handbook (Clontech).

Plasmid constructs and RT-PCR. PCR was used to generate desired
constructs by using two synthetic oligonucleotide primers (Integrated
DNA Technologies) and Pfu Turbo polymerase (Stratagene). The cDNA
sequence corresponding to the large cytoplasmic domain (amino acids
305-490) of the mouse a3 subunit was amplified using the forward
primer 5'-GGA ATT CCA TAT GCT CCT CTT CAC TAT GAT TTT
TGT CAC-3’ and the reverse primer 5'-ACG CGT CGA CCA GAA ATA
ATC CTG CAG TTC CTA AAA TG-3' by PCR and subcloned into the
Ndel-Sall sites of the pGBKT7 DNA-BD vector (Clontech) to form the
a3 bait. Restriction enzyme sites are underlined for all primers.

To generate a complementary DNA (cDNA) copy of UBXD4 RNA, we
performed RT-PCR using mRNA isolated from a habenula of C57BL/6]
mouse males using the RNAgents total RNA isolation kit (Promega).
After first-strand cDNA synthesis, the templates were amplified using
one set of primers flanking the N and C termini of UBXD4 ¢cDNA with a
Notl restriction site at both sides: forward primer 5'-GCG GCC GCC
ATG AAA GAA GTA GAT AAT CTT GAC AG-3'; reverse primer 5'-
GCG GCC GCT CAA AGT TTT CTA AAA GGC TCG GCA G-3'. The
PCR product was ligated into the pPGEM-T vector (Promega). Following
digestion with NotI, the PCR product was ligated in-frame into the NotI
site of pcDNA3.1 Zeo+ vector (Invitrogen) downstream of the (His)-
TYG sequence using T4 DNA ligase (New England Biolabs). Primers
yielded a PCR product with the predicted sizes corresponding to the
mouse UBXD4 sequence (777 bp). Another full-length UBXD4 PCR
product with Sfil and EcoRI restriction sites was cloned into the pACT2
DNA-AD (for expression in yeast cells) and the pPCMV-HA vectors (for
expression in mammalian cells; Clontech) using the following primers:
forward primer 5'-GGC CAT GGA GGC CAT GAA AGA AGT AGA
TAA TCT TGA CAG-3'; reverse primer 5'-GGA ATT CGA ATG AAA
GAA GTA GAT AAT CTT GACAG-3'. Truncated forms of UBXD4 were
generated by PCR: for AC-UBXD4 (amino acids 1-196), we used the
forward primer for full-length UBXD4 and reverse primer 5'-GCG GCC
GCT CAC ACC CTA TGA GAA ACA TTA AAT C-3'. For AN-UBXD4
(amino acids 166-258), we used the reverse primer for full-length
UBXD4 and the forward primer 5'-GCG GCC GCC GTT TCA CTGAAC
AAC TTG GAG CCC A-3'. The PCR products of AC-UBXD4 and AN-
UBXD4 were subsequently subcloned into the NofI site of the pcDNA 3.1
(Z+). These constructs were used to transfect HEK293 and PC12 cells.
The identity of PCR products was additionally confirmed by DNA
sequencing.

Cell culture. Human embryonic kidney HEK293 cells stably expressing
a332 or a3 34 were originally generated in Dr. J. Lindstrom’s laboratory.
Cells were maintained in DMEM as described previously (Wang et al.,
1998). Cytotoxic selection antibiotics were added to the media to ensure
integrity of AChR subunit expression. Zeocin (0.5 mg/ml; Invitrogen)
was used for a3 subunit selection and 0.6 mg/ml G-418 (Invitrogen) was
used for B2 or B4 subunit selections. PC12, a rat pheochromocytoma cell
line (American Tissue Culture Collection, lot number 060603), was cul-
tured in F12 K media containing 5% fetal bovine serum and 10% horse
serum in a humidified 95% air-5% CO, incubator. Depending on the
experiment, the cells were used either in the undifferentiated or the dif-
ferentiated state.

HEK cells or PCI12 cells were harvested in buffer A (in mwm:
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Figure1. UBXD4interacts with a3* and a4* nAChRs. A yeast two-hybrid screen showed that the large intracellular loop of the
a3 nAChR subunit interacts with a novel UBX-containing protein named UBXD4. a, Schematic diagrams illustrating the structural
location of the UBX and SEP domains in WT-UBXD4 (top panel). Middle and bottom panels represent the original clone 42 found
in Y2H (AC-UBXD4, middle) and the generated AN-UBXD4 clone lacking the SEP domain (bottom). b, Interaction was verified
with cotransformation of a3 and UBXD4 into the Y187 yeast strain. Further experiments in yeast showed that UBXD4 interacts
with a4 but not with the &7, 32, and 34 nAChR subunits demonstrating that UBXD4 is a selective partner for the a3 and o4
subunits. Left panel, Quadruple dropout media (— Leu/—His/—Trp/—Ade). Right panel, Triple dropout media (—Leu/—His/
—Trp) containing X-cx-gal for a-galactosidase activity; CON, positive control; NC, negative control. ¢, In vitro experiments with
charged Ni * columns showed that the a3 subunit can bind to (His),-TYG-tagged UBXD4 protein expressed in HEK293 cells. d,
UBXD4 interacts with native o3 nAChR subunits from mouse brain. PFC lysates were incubated either with rabbit IgG (I, control)
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Na,HPO,NaH,PO,, 50; pH 7.5; NaCl, 50;
EDTA, 5; EGTA, 5; benzamidine, 5; iodoacet-
amide, 15; phenylmethylsulfonyl fluoride, 2)
and pelleted by centrifugation. The pellets were
rinsed 3 times with buffer A before adding
buffer B (buffer A + 1% Triton X-100). Sam-
ples were incubated at 4°C for 1 h followed by
centrifugation at 13,000 RPM for 10 min in a
refrigerated bench-top centrifuge. All cell ex-
tracts were subjected to Western blot analysis
after protein concentrations were determined
with a BCA Protein Assay Kit (Pierce Biotech-
nology). To prepare cell lysates for the p62 pull
down and the iodixanol gradient fractionation,
the pellets were rinsed 3 times with phosphate
buffer serum (PBS, pH = 7.4) before addition
of lysis buffer (20 mm Tris-HCl, pH 7.2; 1
ml/100 mm plate) containing EDTA (1 mm),
NaN; (I mm), B-mercaptoethanol (1 mwm),
NP40 (0.1% v/v), glycerol (10% v/v), and a
tissue extracts protease inhibitor cocktail
(Sigma). Cell extracts were prepared by re-
peated freeze/thaw in liquid nitrogen or by
sonicating on ice. Extracts were centrifuged
for 10 min at 13,000 RPM.

Primary cultures of cortical neurons. Primary
rat neuronal cultures were derived from the
cortices of E18 Long—Evans rats. Multiple cor-
tices were dissected in Hank’s saline and disso-
ciated by trypsinization followed by mechanical
dissociation. Cell suspension were plated in
equal amounts in serum-free Neurobasal media
with B27 supplement (Invitrogen), penicillin
(100 U/ml), streptomycin (100 pg/ml), and 2
mM glutamine on laminin- and poly-p-lysine-
treated coverslips. More than 95% of cells in the
preparations were neurons.

Transfection and drug treatments. HEK293
cells (80-90% confluent) were transiently
transfected with expression vectors by calcium
phosphate precipitation. Two days after trans-
fection, cells were harvested and cell lysates
were used for desired assays. Because the trans-
fection efficiency was ~40% in PC12 cells, as
others have reported (Silverman et al., 2004),
stably transfected PC12 cells were generated.
c¢DNA containing the UBXD4, truncated forms
of UBXD4, or the empty vector were trans-
fected into PC12 cells by using Lipofectamine
2000 (Invitrogen) according to the manufac-
turer’s instruction. Forty-eight hours after
transfection, the cells were treated with Zeocin
ata concentration of 500 ug/ml. Cells were kept

<«

or the anti-a3 antibody (1) immobilized on protein A/G.
Eluted proteins were subjected to SDS-PAGE and immuno-
blotted with the anti-o3 and anti-UBXD4 antibodies. e, Dif-
ferentiated PC12 cells endogenously expressing «a3-
containing nAChRs (top) or rat cortical neurons (bottom) were
cultured on coverslips, and processed for immunocytochem-
istry. Staining of the permeabilized cells for UBXD4 (green)
and a3 (red) demonstrated partial overlapping of UBXD4 and
a3 in the perinuclear region of the cells, as indicated by the
white arrows in the magnified inset. Nonspecific binding or
staining of the nucleoplasm in PC12 cells was observed by
omitting the primary antibody during the incubation process
(Fujiwara et al., 2006). Confocal scale bar, 10 m.
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on Zeocin for 1 month to ensure selection of a
stable cell line (Fukuda et al., 2002). To obtain a 50 A
differentiated PC12 cells (dPC12 cells), stably
transfected PC12 cells were treated for 2-7 d
with 50 ng/ml nerve growth factor (NGEF,
Sigma). The differentiated cells were either har-
vested for protein studies or used for patch-
clamp experiments. For the confocal experi-
ments in Figure 4a, PC12 cells transfected
transiently with a pCMV-HA vector containing
UBXD4. For degradation assays the proteaso-
mal inhibitors MG132 (10 um; Biomol) and PS-
341 (0.5 um; a gift from Dr John F. de Groot,
MD Anderson Cancer Center, Houston, TX) or b 1
the lysosomal inhibitor E64 (10 um; Research

Products International) were used in the pres- 2 3 4
ence of the protein synthesis blocker emetine
(150 M, EMD Biosciences).

Relative activity (Arbitrary unit)

In vitro protein interaction (nickel pull down). UBXD4
For pull-down experiments, HEK293 cells sta- e
bly expressing nAChRs were transfected with GM130
(His)-TYG-tagged UBXDA. Cells lysates were ;") 3 4 5

diluted with 1 ml of wash buffer (0.5 M NacCl, 50 St
mwum imidazole, 20 mm Tris, pH 7.0) and loaded BiP

onto Ni-NTA agarose (Qiagen) at 4°C, and then 1 2 3 4 5 6

incubated overnight. Proteins were eluted with
elution buffer (0.5 M NaCl, 0.2 m imidazole, 20 | Calnexin
mM Tris, pH 7.0). Each eluted sample was con- 19 3 4 5
centrated with a microsep centrifugal concen- :
trator (Pall Life Sciences) to give final volumes ~ ERGIC-53
of 20 ul. Eluted samples were subjected to SDS-
PAGE and transferred to nitrocellulose mem- ~ C
branes. Bound proteins were detected by West-
ern blotting using Supersignal West Femto
(Pierce Biotechnology).
p62 pull-down assays and immunoprecipita-
tion. Pull-down assays were conducted with the
agarose-immobilized p62-derived UBA do-
main (Biomol) as previously described (Rez-
vani et al., 2007). Immunoprecipitations were
conducted as described previously (Wiser and
Schweiger, 1986; Karan et al., 2005). For the IP
experiment shown in Figures 1d and 3c, pro-
teins were yielded from beads with sample
buffer without B-mercaptoethanol to eliminate
the presence of heavy and light chains.
Confocal microscopy. HEK293 and dPCI2

KDEL

Figure 2.
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UBXD4 is located in the ER/Golgi compartments. a, b, Naive PC12 cells were subjected to 8 —34% linear iodixanol

cells, plated on coverslips, were washed and
fixed with 2% paraformaldehyde in PBS for
10-20 min (Wang et al., 1998) and either per-
meabilized before antibodies incubation or
stained first with the anti-a3 (1:200) antibody

gradient analysis. According to the leucine aminopeptidase (trans-Golgi marker) and alkaline phosphodiesterase (PM marker)
activities and staining with anti-BiP and anti-calnexin (ER markers), anti-GM130 (cis-and middle Golgi marker), and ERGIC-53
(ERGIC marker) antibodies, UBXD4 is preferentially located in the ER/Golgi compartments (fractions 7-15). ¢, The predominant
colocalization of UBXD4 with KDEL protein (an ER and cis-Golgi marker) in differentiated PC12 cells confirms that UBXD4 is an
ER/Golgi protein. Confocal scale bar is 10 um.

and then permeabilized for staining with

anti-HA (1:400) or anti-UBXD4 (1:50) antibodies. Polyclonal anti-a3,
monoclonal anti-HA, monoclonal anti-KDEL (1:400), and polyclonal
anti-UBXD4 antibodies were used in conjunction with Alexa488-
conjugated donkey anti-rabbit IgG, Alexa Fluor 594-conjugated donkey
anti-goat IgG, Alexa Fluor 350-conjugated donkey anti-rabbit IgG (In-
vitrogen), and Cys543-conjugated donkey anti-mouse (Jackson Immu-
noResearch Laboratories), respectively. Cells were imaged using a Zeiss
LSM 510 laser scanning confocal microscope (Carl Zeiss Microlmaging)
at 63X and 100X.

Biotinylation and isolation of surface nAChR subunits. Surface expres-
sion of the a3, 82, and 34 nAChR subunits in PC12 cells was assayed with
a Cell Surface Protein Biotinylation and Purification Kit (Pierce Biotech-
nology) according to manufacturer’s instruction. Biotinylated plasma
membrane proteins were then subjected to Western blot analysis.

Todixanol gradient analysis. We used iodixanol for gradient fraction-
ation because it maintains relatively constant osmolality and viscosity

despite changes in the density of the gradient. Because of the mild iso-
osmotic conditions, all organelles and endosomes can be fractionated
intact, without loss of water, as the density of the gradient increases. One
to 2 ml of the cell lysates were layered onto preformed, precooled discon-
tinuous 8, 16, 28, and 38% iodixanol Optiprep gradients (Greiner Bio-
One) layered stepwise in centrifuge tubes using a gradient maker. Tubes
were centrifuged for 18 h at 28,500 rpm (~100,000 g) using a Beckman
SW4lirotor at4°C (Koulen et al., 2002). Sequential 20-21 equal-volume
fractions (~500 ul) were collected from the bottom of the tube with a
Labconco Auto Densi-flow gradient collector (Labconco Corporation)
and analyzed by Western blotting.

Leucine aminopeptidase activity. Leucine aminopeptidase activity was
measured as a trans-Golgi marker (Chi and Lodish, 2000) with the flu-
orogenic peptide substrate L-leucine-4-methyl-7-coumarinylamide hy-
drochloride (Sigma). Iodixanol gradient fractions (20 ul) were added to
3 ml of 50 mm Tris-HCI buffer, pH 7.5 containing 0.5 mm substrate in
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anti-UBXD4 (see Materials and Methods for details).

dimethyl sulfoxide (0.5% v/v). Samples were incubated at 25°C for 30
min. Fluorescence was measured at an excitation wavelength of 380 nm
and an emission wavelength of 440 nm.

Alkaline phosphodiesterase activity. Alkaline phosphodiesterase activity
was measured as a PM marker (Touster et al., 1970; Wibo et al., 1981) in
iodixanol gradient fractions (20 ul) with 500 ul of p-nitrophenyl 5'-
thymidylate (1 mm) in 0.02 M Tris (hydroxymethyl) amino methane-HCl
buffer, pH 9.0, supplied as ready to use reagent (pNPP, Sigma). Samples
were incubated at 37°C for 15 min and the reaction terminated by the
addition of 3N NaOH (1.5 ml). Optical densities were measured in a DU
640B Beckman Coulter spectrophotometer at a wavelength of 405 nm.

Whole-cell patch clamp recording and drug application. dPC12 cells
were continuously superfused with an external solution of the following
composition (in mm): 150 NaCl, 5 KCl, 1.1 MgCl,, 2 CaCl,, 10 glucose,
and 10 HEPES, pH 7.4. All the recordings were obtained at room tem-
perature (22-25°C). The recording pipettes were filled with the following
solution (in mm): 140 CsCl, 10 HEPES, 2 ATP (sodium salt), and 10
EGTA, adjusted to pH 7.3 with CsOH. The recording pipette had a resis-
tance of 3-5 M(). Data were acquired with an Axopatch-1B amplifier at 5
kHz, and the membrane potential was held at —70 mV. The series resis-
tance was usually in a range of 5-15 M{) and was uncompensated. Data
were accepted if series resistance did not change by >30% during the
experiment.

Solutions were gravity fed into a linear array of glass barrels (380 um
ID, 500 wm OD, Garner glass) that were positioned ~100 wm from the
cell. The barrels were mounted on a 3-D manipulator that could be
repositioned by a motorized driver (Newport Corporation). Cells were
exposed for 2 s to the agonist, acetylcholine (ACh, 300 um), which was
controlled by a computer-operated magnetic valve. ACh was prepared
every day. To isolate @3* nAChR currents, a-Bungarotoxin (25 nm) was
present in the external solution. a-Conotoxin MII (a-CtxMII) was a
generous gift from Dr. J. M. McIntosh. The nAChR antagonist, methyl-
lycaconitine (MLA, 5 nm), or a-Ctx MII (100 nm) were also applied via
rapid perfusion. PClampfit 8.0 software was used to measure peak and
steady-state current amplitudes, and to fit the desensitization kinetics of
a3-containing currents with a single exponential function.

siRNA design. Three siRNA duplexes (clones A71, A295, and A689)
were designed using online siRNA software provided at http://sfold.
wadsworth.org (Ding and Lawrence, 2003; Ding et al., 2005). All siRNA
sequences were subjected to BLAST to exclude sequence similarity to
other genes. Oligonucleotides were synthesized by Integrated DNA
Technologies followed by cloning into a siRNA expression vector, pSi-
lencer 2.1-U6 neo vector (Ambion). Lipofectamine 2000 (Invitrogen)
was used to transfect PC12 cells with pSilencer 2.1-U6 neo when they
were 50% confluent. To create a population of cells stably expressing the
siRNA, cells were incubated with 0.6 mg/ml G-418 for 2 weeks to elimi-
nate cells that were not transfected. After 2 weeks the selection was com-
plete and the cells were grown without antibiotics. The surviving cell

Habenula

__ Endogenous Endogenous
e

IP: UBXD4 antibody/Protein A/G
W W GAPDH [B: Anti-UBXD4

UBXD4 is expressed in neuronal and non-neuronal tissues. a, RT-PCR experiments showed that UBXD4 mRNA is
expressed in all the examined tissues including cortex, hippocampus, habenula, peripheral ganglia, and two different cell lines
(HEK293 and PC12 cells). b, ¢, Analysis of UBXD4 at the protein level with anti-UBXD4 antibodies demonstrated that the prefrontal
cortex, hippocampus, and habenula express UBXD4 endogenously. Due to the small size of the habenula, we used IP techniques to
enrich for UBXD4 by pulling down UBXD4 with anti-UBXD4 antibodies immobilized on protein A/G beads followed by probing with
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population was maintained and assessed for re-
duction of endogenous UBXD4 gene expres-
sion. Stably transfected PC12 cells with clone
A689 showed >90% silencing of the protein
levels of endogenous UBXD4. For immunoflu-
orescence experiment in supplemental Figure 5
(available at www.jneurosci.org as supplemen-
tal material), pSilencer 2.1-U6 neo vectors con-
taining UBXD4 siRNA were transiently trans-
fected into dPC12 cells followed by staining for
a3* nAChRs at the PM and endogenous
UBXD4. A set of 4 pLKO.1 lentiviral sShRNA
expression vector containing shRNA constructs
against human and mouse UBXD4 proteins was
purchased from Open Biosystems. Silencing ef-
ficiency was characterized in PC12 cells and the
effective clone was used in rat cortical neurons
to silence UBXD4.

Animals and brain slices. Male C57BL/6] mice
(250-350 g) were decapitated under anesthesia
with a mixture of xylazine, acepromazine, and
ketamine, and their brains were removed im-
mediately for sectioning. The prefrontal cortex, hippocampus, and ha-
benula were separated in ice-cold PBS. Tissue homogenization was per-
formed in 500 ul of ice-cold homogenization buffer (0.32 m sucrose, 10
mM HEPES buffer, and 2 mm EDTA, pH 7.4) containing a protease
inhibitor cocktail (Sigma) or a RNAgents total RNA isolation kit (Pro-
mega), as described before. Homogenized tissues were solubilized by
repeated freeze/thaw in liquid nitrogen for protein assay. Supernatants
were analyzed by Western blotting. All procedures were approved by the
Institutional Animal Care and Use Committee in accordance with federal
guidelines.

Densitometric quantification of Western blot bands. Quantification of
the intensity of Western blot bands was carried by using an automated
digitizing system (UN-Scan-it gel, version 6.1). The UN-Scan-it software
enabled us to quantify our Western blot data with two different methods.
The segmental analysis method provided pixel summation and band
analysis for individual segments (data presented in Fig. 4¢), while lane
analysis provided density profile extraction and band analysis for entire
lanes (data presented in Fig. 7e). Developed films were scanned as JPEG
in 8 bit grayscale format at 600 dpi, and the pixel intensities within a band
were measured. Pixel intensities were corrected for background. After
exporting into Excel, the digitized gel data (pixel total) were used to
calculate the relative optical densities of each gel band for further
analysis.

Statistics. Statistical analysis was conducted using either the Student’s ¢
test for normally distributed variables to conclude the significant differ-
ences between control and subjects or by one-way ANOVA and Tukey
multiple comparison post tests when appropriate. A p value <0.05 was
considered statistically significant. All data are reported as mean * SEM.

Results

A UBX-containing protein binds to a3* nAChRs

To identify proteins involved in the trafficking of a3* nAChRs to
the PM, we performed Y2H screen against a mouse brain cDNA
library. cDNA encoding the large intracellular domain of the a3
nAChHR subunit and the flanking transmembrane (TM) regions 3
and 4 (amino acids 305-490) was used as bait. The TM regions
were included in the bait because intracellular domains can adopt
amore precise conformation when expressed with TM regions on
either end (Bedford et al., 2001).

The Y2H screen yielded an interaction between the large in-
tracellular loop of the a3 nAChR subunit and a novel protein.
Sequencing deciphered a 589 nt reading frame corresponding to
the truncated N terminus of the UBXD4 protein (Fig. 1a, middle
panel, clone 42; accession number: NM_145441). The SMART
database (Schultz et al., 1998; Letunic et al., 2006) identified
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Figure 4.  UBXD4 upregulates plasma membrane levels of :3* nAChRs. a, The fluorescent signal for a3 (green) increased
when differentiated PC12 cells were transiently transfected with HA-tagged UBXD4 (red). The left panel shows the levels of a3
signal at the PM of UBXD4-overexpressing cells (*) compared with those of cells expressing endogenous levels of UBXD4 (#).
Expression levels of UBXD4 where detected in the same cells with an anti-HA antibody after permeabilization (right panel).
Confocal scale bar, 10 wm. b, Densitometric analysis of green pixel density in 63 cells (27 untransfected and 36 transfected)
showed a significant increase in the total levels of a3 ( p << 0.001). ¢~ e, Differentiated PC12 cells stably expressing the corres-
ponding empty vector (c), WT-UBXD4 (d), or AN-UBXD4 (e) were subjected to 8 —34% linear iodixanol gradient fractionation.
Enzymatic activity assays following iodixanol gradient fractionation were used to identify the fractions containing the Golgi and
PM compartments (left panels). The fraction containing the highest levels of PM (fraction 19) showed increased levels of &3 upon
overexpression of UBXD4 (right panels). AN-UBXD4 overexpression had no effect on a3 PM levels. f, Biotinylation experiments

Rezvani et al. @ UBXD4 and 3 nAChR Trafficking

UBXD4 as the corresponding 258 aa pro-
tein (Fig. 14, top) and pinpointed two do-
mains of interest contained therein: SEP
and UBX. SEP (Saccharomyces cerevisiae,
Drosophila melanogaster eyes closed gene
and vertebrate p47) is a reversible compet-
itive inhibitor of cathepsin L (Chu et al.,
1995; Soukenik et al., 2004); UBX (ubig-
uitin regulatory X), consisting of 80 amino
acid residues, can typically be found at the
C terminus of a variety of eukaryotic pro-
teins of differing functions (Buchberger et
al., 2001; Buchberger, 2002; Bogan et al.,
2003; Schuberth and Buchberger, 2008). A
search in GenBank revealed sequences
of the human (accession number:
NM_181713) and rat homologs (accession
number: XR_007472) to UBXD4. Com-
parison of all three sequences indicated
that UBXD4 is highly conserved between
the three species (85.7%, 95.5%, and
86.0% identical between mouse and hu-
man, mouse and rat, and rat and human,
respectively), suggesting that it may pos-
sess an important function in mammals.

To examine the binding specificity of
UBXD4 for other nAChR subunits, the in-
tracellular loop plus the respective TM
flanking regions of a4, a7, 82, and 34 were
used as probes in additional Y2H screens
against the original UBXD4 clone (clone
42). Clone 42 bound to the intracellular
loop of both the @3 and a4 nAChR sub-
units, but not to the corresponding loops
of a7, B2, and B4 (Fig. 1b). Due to the
toxicity of the a5 subunit to yeast, we were
not able to test its interaction with
UBXD4. These results suggest that
UBXD4 might be an exclusive non-
nicotinic partner for the a3 and o4
nAChR subunits.

Because clone 42 for which we found
the initial interaction with a3 was a AC-
UBXD4 version of the full-length wild-
type (WT) UBXD4, we also tested and
confirmed the interaction of WT-UBXD4
with the intracellular loops of a3 and a4
by Y2H. Because clone 42 does not contain
a complete UBX domain (Fig. 1a, middle
panel), the SEP domain, and not the UBX
domain is probably necessary for the inter-
action with the two a nAChR subunits.

<«

confirmed that expression of WT-UBXD4 but not AN-UBXD4
(control) greatly increases the surface levels of the a3 and 32
nAChR subunits. g, Quantitation of the data shown in findi-
cated that o3 and 32 levels increased 2.2-fold while 34 lev-
els increased 1.4-fold compared with control. h, Stable ex-
pression of UBXD4 siRNA in PC12 cells decreased UBXD4
expression. i, The reduction in UBXD4 levels led to a significant
decrease in @3 levels in PM fractions. The above experiments
were conducted twice with similar results each time.
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UBXD4 interacts with intracellular a3* nAChRs

To confirm our Y2H observations, we further tested the interac-
tion of UBXD4 with the @3 nAChR subunit using an affinity
purification assay (nickel pull down) and Western blotting.
(His)4-TYG-tagged UBXD4, but not (His)4-TYG alone, was able
to pull down the a3 nAChR subunit from cell extracts of HEK293
cells stably expressing a332 nAChRs (Wang et al., 1998) (Fig. 1¢).
The same result was obtained in HEK293 cells stably expressing
a334 nAChRs (data not shown).

To investigate the physiological relevance of the a3/UBXD4
interaction found in vitro, we determined whether UBXD4 asso-
ciates with native @3* nAChRs immunoprecipitated from the
mouse brain. The prefrontal cortex (PFC) of C57BL/6] male mice
was dissected and homogenized, followed by immunoprecipita-
tion of a3* nAChRs with an anti-a3 antibody. As a control, ho-
mogenized PFCs were also incubated with beads coupled to rab-
bit IgG. The interaction of UBXD4 with the a3 nAChR subunit
was then detected by immunoblotting with an anti-UBXD4 rab-
bit polyclonal antibody. As already shown in cultured cells,
UBXD4 was found to be associated with native a3* nAChRs (Fig.
1d), suggesting a physiological interaction between UBXD4 and
a3* nAChRs in vivo.

The localization of UBXD4 with respect to @3* nAChRs was
also examined by confocal microscopy. dPC12 cells endog-
enously expressing a3* nAChRs (Rogers et al., 1992) and cortical
rat neurons were cultured on coverslips and processed for immu-
nocytochemistry. Before staining with the corresponding fluo-
rescent secondary antibodies, permeabilized cells were incubated
with a rabbit polyclonal anti-UBXD4 antibody and a goat poly-
clonal antibody against a peptide mapping near the C terminus of
a3. Antibody specificity was determined by blocking with the
identical peptide sequence used to generate the polyclonal anti-
bodies for UBXD4 and a3 [supplemental Fig. 1a,b (available at
www.jneurosci.org as supplemental material), respectively]. The
signal for UBXD4 (green) was visible throughout the cytoplasm
in patchy structures (Fig. le), possibly reflecting the presence of
UBXD4 in complexes with p97 (Alexandru et al., 2008). The
signal for a3 (red) was mostly seen in perinuclear structures and
adjacent compartments, possibly reflecting the large pools of a3
localized either in the ER (Ren et al., 2005) or the trans-Golgi
compartments (Jacob et al., 1986). Overlapping of UBXD4 with
the a3 nAChR subunit occurred mostly in puncta around the
nucleus in both PC12 cells and rat cortical neurons (Fig. 1e, mag-
nified inset). Similar results were achieved when PC12 cells were
transiently transfected with HA-tagged UBXD4 (data not
shown). The immunocytochemistry data, together with the Y2H,
and immunoprecipitation data provide evidence for the direct
interaction between UBXD4 and the a3 nAChR subunit.

Characterization of UBXD4

We next examined the subcellular localization of UBXD4 using
iodixanol gradient fractionation in undifferentiated PC12 cells.
In particular, we used a high-resolution 8 —34% linear iodixanol
gradient optimized for endoplasmic reticulum (ER), Golgi, and
PM separation (Koulen et al., 2002). The collected iodixanol gra-
dient fractions were tested with markers indicative of the pres-
ence of the ER, Golgi Intermediate Compartment (ERGIC), cis-,
middle-, and trans-Golgi, or PM compartments. Enzymatic ac-
tivity of markers for the trans-Golgi (leucine aminopeptidase ac-
tivity) and PM (alkaline phosphodiesterase activity) (Fig. 2a) and
Western blotting of collected fractions (Fig. 2b) revealed that
UBXD#4 particularly overlaps with fractions enriched in the cis-
and middle-Golgi subcompartments (GM130 (Tompkins et al.,
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Figure 5.  UBXD4 shRNA selectively decreases 3 nAChRs signal in rat cortical neurons. a,
Western blot analyses of PC12 cells transfected with four lentiviral-based shRNA showed that
clone 99 can efficiently silence endogenous UBXD4. b, Confocal microscopy of rat cortical neu-
rons transfected with clone 99 against UBXD4 demonstrated a significant reduction of 3 signal
in permeabilized, shRNA-transfected cells. The reduction of signal for a:3-containing nAChRs by
UBXD4 siRNA suggests that UBXD4 regulates trafficking of a3. ¢, shRNA against UBXD4 had no
significant effect on mGIuR1« receptor levels detected in rat cortical neuron. See supplemental
Figure 5, cand d (available at www.jneurosci.org as supplemental material), for the quantifi-
cation of the confocal data.

2003), the ERGIC compartment (ERGIC-53), and the ER com-
partment (BiP and calnexin). Together, these results indicate that
compartmentalization of UBXD4 may be selective to certain sub-
structures in the ER and Golgi compartment. Confocal micros-
copy in dPC12 cells also showed that UBXD4 (green) can colo-
calize with KDEL receptors (red), which are known to be
enriched in the ER and cis-Golgi compartment (Fig. 2¢) (Hayes et
al., 2003; Hamada et al., 2004; Le-Niculescu et al., 2005).
RT-PCR revealed that UBXD4 mRNA has a broad pattern of
tissue expression in the CNS, including prominent expression in
habenula, hippocampus, and cortex (Fig. 3a). UBXD4 mRNA is
also present in peripheral ganglia (Fig. 3a) as well as non-neural
tissues such as the lungs, liver, heart, kidney, ileum, pancreas, and
spleen (data not shown). In addition, UBXD4 is also expressed in
HEK293 and PC12 cells (Fig. 3a). A similar gene expression profile
for human UBXD4 mRNA has been reported by OriGene Technol-
ogies (supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). In addition to detecting UBXD4 mRNA, we also
studied the expression of UBXD4 protein with anti-UBXD4 anti-
bodies. For example, Figure 3, b and ¢, shows that an ~28 kDa band,
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corresponding to WT-UBXDA4, could be de- a
tected in the PFC, hippocampus, and habe-
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nula of male C57BL/6] mice.
Figure 3¢ describes experiments per-
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from 3 habenula tissue punches. The im-
munoprecipitates were then probed with
the anti-UBXD4 antibody to reveal the
presence of UBXD4-bound UBXDA4.

UBXD4 modulates a3* nAChR cell
surface expression

To investigate the functional conse-
quences of the interaction between
UBXD4 and a3* nAChRs, we conducted a
confocal microscopy experiment in
dPC12 cells transiently transfected with
HA-tagged UBXD4. Nonpermeabilized
cells were first fixed briefly with parafor-
maldehyde and stained for the a3 subunit.
Subsequently, cells were permeabilized
and stained for HA-tagged UBXD4. These
experiments showed that WT-UBXD4 fa-
cilitates the trafficking of a3* nAChRs to
the PM (Fig. 4a). Densitometric analysis was performed using
Image] software (NIH, Bethesda, MD, USA) to quantitate pixel
intensity from fluorescence images like those shown in Figure 4a.
The analysis of green pixel density of 63 dPC12 cells (27 untrans-
fected and 36 transfected) showed a significant increase in the
total levels of @3 (untransfected vs transfected: p < 0.001). Sim-
ilar results were obtained in HEK293 cells stably expressing o332
nAChRs that were transiently transfected with UBXD4 (supple-
mental Fig. 3a, available at www.jneurosci.org as supplemental
material).

To further investigate the mechanisms underlying the ability
of UBXDA4 to increase the cell surface expression of a3* nAChRs,
we generated three PC12 cell lines stably expressing WT-UBXD4,
the corresponding empty vector, or a truncated N terminus
UBXD4 (AN-UBXD4, amino acids 166-258) (Fig. la, bottom).
The AN-UBXD4 construct was used as an additional control
besides the empty vector. Due to the absence of the SEP domain,
we anticipated that the AN-UBXD4 construct may not interact
with the a3 subunit. After differentiation with NGF, cell lysates of
dPC12 cells stably expressing WT-UBXD4, the empty vector, or
AN-UBXD4 were subjected to iodixanol gradient fractionation.
A PM marker indicated that fraction 19 contained the highest
purified PM compartment (Fig. 4c—e, left panels). WT-UBXD4
increased the level of @3* nAChRs in fraction 19 compared with
the empty vector and AN-UBXD4, confirming that UBXD4 pro-
motes the translocation of @3* nAChRs to the PM compartment
(Fig. 4c—e, right panels). Quantification of the corresponding
bands showed an ~40% increase in surface a3* nAChRs in cells
expressing WT-UBXD4 compared with control cells (Fig. 4,
compare ¢, d), while cells expressing the AN-UBXD4 did not
show significant increase in a3 levels (Fig. 4, compare ¢, ¢). The
increase in PM a3 in the presence of overexpressed UBXD4 was

Figure 6.
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UBXD4 s ubiquitinated and degraded by the 26S proteasome. a, A 24 h exposure to the proteasome blocker MG132
in the presence of the protein synthesis blocker, emetine, decreased the rate of degradation of UBXD4 in HEK293 cells transiently
transfected with HA-tagged UBXD4. Exposure to the lysosome inhibitor E64 did not alter the degradation rate of UBXD4. b, A
ladder of ubiquitinated, HA-tagged UBXD4 could be pulled down with p62 from 332 expressing HEK293 cells transiently
transfected with HA-tagged UBXD4, but not with the HA-empty vector. The bracket on the right marks a ladder of bands corre-
sponding to polyubiquitinated UBXD4. The above experiments were conducted twice with similar results each time.

paralleled by an increase in the total levels of &3 and 32 in dPC12
cells (data not shown). To confirm the observation made in PC12
cells, HEK293 cells stably expressing o332 nAChRs were transiently
transfected with (His)-TYG-tagged UBXD4 or (His)s-TYG-tagged
empty vector. Cell lysates were subjected to glycerol gradient frac-
tionation followed by Western blot analysis. According to the local-
ization of Golgi and PM markers, UBXD4 increased both total levels
and PM levels of a3* nAChRs (supplemental Fig. 3b, available at
www.jneurosci.org as supplemental material).

To verify that heterologous protein expression in PC12 cells
allows to detect changes in nAChR trafficking and compartmen-
talization, dPC12 cells were stably transfected with Plic-1
(ubiquilin-1), an adaptor protein involved in GABA, receptor
trafficking and nAChRs degradation (Bedford et al., 2001; Ficklin
et al., 2005). After iodixanol gradient fractionation, an anti-£32
nAChR subunit antibody was used to detect the location of
a3PB2* nAChRs in ER/Golgi and PM fractions. As already shown
(Ficklin et al., 2005), Plic-1 overexpression decreased a3*
nAChRs levels in ER but not Golgi fractions (supplemental Fig. 4,
available at www.jneurosci.org as supplemental material). A sim-
ilar compartment-specific effect has been described for the effects
of Plic-1 with respect to GABA , receptors (Bedford et al., 2001).

Finally, to better estimate the percentage of upregulation for
cell surface @382 and @384 nAChRs, we performed surface bi-
otinylation assays using a membrane impermeable biotin. The
experiment was conducted in dPC12 cells stably expressing WT-
UBXD4 or AN-UBXD4. Western blotting followed by quantita-
tive analysis of the data indicated that WT-UBXD4 significantly
augments the levels of @3* nAChRs found at the PM (Fig. 4f). In
particular, a332* nAChRs were markedly upregulated (~2.2-
fold), while those of the a334 nAChRs had only a 1.4-fold in-
crease (Fig. 4g).
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a b c (Yeh et al., 2001), we studied the effect of
- - UBXD4 silencing in those neurons with
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confocal microscopy techniques. To func-
Emetne | + | + | + P62 + + Emetine M tionally silence UBXD4, we obtained from
PS -341 + HA-Ubiquitin . MG132 + Open Biosystem§ four pLKO.1 lent.ivi.ral
shRNA expression vectors containing
E64 * a3—>' = . z0a  ShRNA constructs targeting human and

mouse UBXDA4. To check the efficiency of
silencing, the four vectors were transiently
transfected into rat PC12 cells. Clone 99
lentiviral-based vector showed the maxi-
mum silencing effect (Fig. 5a). Embryonic
day 18 rat cortical neurons were trans-
fected with clone 99 shRNA along with a
GFP-empty vector using the calcium
phosphate method (Arikkath et al., 2008).
GFP allows easy identification of the trans-
fected neurons by fluorescence micros-
copy. Cells were fixed and processed for
immunofluorescence with the appropriate
primary antibodies and fluorescent sec-
ondary antibodies. The percentage of cor-
tical neurons expressing GFP 72 h after
lentiviral transfection was 1-3%. Figure 5b
shows that, in GFP-positive cells, UBXD4
shRNA decreased the levels of UBXD4
protein, which in turn resulted in a reduc-
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Figure 7. UBXD4 decreases the levels of ubiquitinated 3. Differentiated PC12 cells were treated for 24 h with PS-341 (a

tion in total levels of a3. The nAChR sub-
unit was decreased in the soma, predomi-
nantly in the perinuclear compartment.

selective proteasome inhibitor) or E64 (an inhibitor of the lysosome) in the presence of emetine (a protein synthesis blocker). Cell
lysates were probed for a3. a, A ladder of various polyubiquitinated forms of a3 (bracket) could be pulled down by the p62-
derived UBA domain, suggesting that a3 is ubiquitinated and can be degraded by the proteasome. In untreated cells (left lane)
and cells treated with E64 (right lane), the majority of a3 receptors was degraded by the proteasome after ubiquitination. b, In
another set of experiments, the level of ubiquitination of &3 in the presence of overexpressed HA-ubiquitin was determined. Cell
lysates of PC12 cells stably expressing empty vector or HA-ubiquitin were subjected to p62 pull down followed by immunoblotting
with anti-a:3 antibodies. Overexpression of HA-ubiquitin led to an increase in the levels of ubiquitinated 3. ¢, The degradation
of the 3 nAChR subunit was decreased dramatically in the presence of the proteasome inhibitor MG132in PC12 cells. d, P62 pull
down was performed on cell lysates from dPC12 cells stably transfected with the corresponding empty vector, WT-UBXD4,
AN-UBXD4, or AC-UBXD4 followed by Western blot analysis with anti-a3 antibodies. A ladder of ubiquitinated o3 could be
detected in each sample. Quantification of the a3 signal showed that WT-UBXD4 and AC-UBXD4, but not AN-UBXD4, signifi-
cantly decrease the ubiquitinated levels of a3 (e; p << 0.05). The brackets on the right (a, b, d) mark a ladder of bands corre-

Images quantified with ImageJ software
revealed a significant, 30% reduction of a3
signals in GFP-positive cells (n = 6) com-
pared with untransfected cells (GFP nega-
tive, n = 11) (supplemental Fig. 5¢, avail-
able at www.jneurosci.org as supplemental
material).

To determine whether UBXD4 can reg-
ulate other transmembrane receptors be-
sides nAChRs, we studied the effect of
UBXD4 on metabotropic glutamate re-

sponding to polyubiquitinated a3.

In another set of experiments we generated a stable PC12 cell
line expressing UBXD4-siRNA to knockdown endogenous
UBXD4. Transfection with UBXD4-siRNA resulted in a >80%
reduction in endogenous UBXD4 protein levels (Fig. 4h). After
differentiation with NGF, cell lysates of UBXD4-silenced cells
and controls were subjected to iodixanol gradient fractionation.
Immunoblotting of PM-enriched fractions showed that the de-
crease in UBXD4 levels coincided with a significant (=90%) re-
duction in the levels of a3* nAChRs at the PM (Fig. 4i). Anti-
cadherin receptor antibodies were used as loading control for the
PM compartment. This result further confirmed our hypothesis
that UBXD4 facilitates the trafficking of a3* nAChRs to the PM.
The expression of a3 in dPC12 cells transiently transfected with
UBXD4 siRNA was also determined by confocal microscopy
(supplemental Fig. 5a,b, available at www.jneurosci.org as sup-
plemental material). In these experimental conditions UBXD4
siRNA treatment reduced pixel density of a3* receptors at the
PM compared with untransfected cells by 40.85% *2.15 (p <
0.005, n = 28).

Because rat cortical neurons express a3-containing nAChRs

ceptors la (mGluR1«). As mGluRs are ex-

pressed in the prefrontal cortex (Gupta et
al., 2005), we examined the effects of clone 99 lentiviral-based
UBXD4 shRNA vector on mGluR1« levels (Fig. 5¢). Analyses of
the immunostaining experiments conducted with anti-
mGluRla antibodies showed lack of a significant effect of
UBXD4 shRNA on total mGluR1« levels (supplemental Fig. 54,
available at www.jneurosci.org as supplemental material).

Interaction of UBXD4 with the ubiquitin—proteasome system
It has been suggested that UBX domains may associate with ubiq-
uitin (Hofmann and Bucher, 1996; Buchberger, 2002). To deter-
mine whether the UBX domain of UBXD4 can indeed interact
with ubiquitin, we conducted Y2H screening of a mouse brain
cDNA library with UBXD4 as bait. The Y2H experiment yielded
94 positive clones. Subsequent DNA sequencing of the positive
clones showed that one clone encoded Mus musculus ubiquitin C
(accession number: BC025894) containing 2.5 tandem ubiquitins.
Ubiquitin C is a ubiquitin precursor composed of four tandem re-
peats of the ubiquitin unit (Kim et al., 1998). Ubiquitin monomer in
many species can be generated by processing of a polyubiquitin pre-
cursor protein in which several exact repeats of the ubiquitin amino
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Figure 8.  Functional regulation of :3* nAChRs by UBXD4. a, Currents elicited by 300 pm
ACh were measured before, during, and after a 5 min exposure to 100 nm ce-CTx-MIl in dPC12
cells stably transfected with empty vector, AN-UBXD4, WT-UBXD4, or AC-UBXD4. b shows
peak (left panels) and steady-state (right panels) current amplitude and density in the various
cell lines described in a. Overexpression of WT-UBXD4 and AC-UBXD4 produced a significant
increase ( p << 0.05) in peak amplitude and current density compared with empty vector or
AN-UBXD4. ¢, Block by c-CTx-MiIl of peak (left panel) and steady-state (right panel) a3*
nAChR currents. The a-CTx-MIl-sensitive component was greater in cells overexpressing WT-
UBXD4 and AC-UBXD4 than in cells expressing the corresponding empty vector or AN-UBXD4
(p<<0.01).Valuesrepresent mean == SEMvalues from cells expressing empty vector (n = 16),
AN-UBXD4 (n = 12), WT-UBXD4 (n = 34), and/or AC-UBXD4 (n = 8), respectively.
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acid sequence are joined in head to tail repeats (Ozkaynak et al.,
1984; Shiba et al., 2004; Tanaka et al., 2004).

To examine whether UBXD4 is a target of the ubiquitin—pro-
teasome pathway, we measured the half-life of UBXD4 in
HEK293 cells in the presence of MG132, a known proteasome
inhibitor (Crawford et al., 2006). A degradation assay showed
that exposure to MG132 in the absence of protein synthesis in-
creased the half-life of UBXD4 (Fig. 6a), while the lysosome in-
hibitor E64 did not, suggesting that UBXD4 is degraded by the
proteasome. To determine the relative half-life of UBXD4,
time course experiments were performed in HEK293 cells
transiently transfected with HA-tagged UBXD4. A 12 h time
course experiment revealed that the half-life of UBXD4 is ~6
h (data not shown).

To confirm the fact that UBXD4 turnover is regulated by the
UPS, we used the p62-derived UBA domain to pull down mul-
tiubiquitinated UBXD4 from HEK293 cells transiently trans-
fected with either HA-tagged UBXD4 or the corresponding
empty vector. P62 is a cytoplasmic protein that specifically inter-
acts noncovalently with ubiquitin (Vadlamudi et al., 1996). Its
sequence contains a motif—the ubiquitin associated (UBA) do-
main—that can, by itself, bind to ubiquitinated proteins (Raasi et
al., 2005; Rezvani et al., 2007). The p62 pull down assay showed
that UBXD4 is ubiquitinated (Fig. 6b) as revealed by the ladder of
various forms of ubiquitinated UBXD4 detected by an anti-HA
antibody against HA-tagged UBXD4.

UBXD4 enhances the stability of the @3 nAChR subunit
Ubiquitin-related proteins such as UBXD4 have been suggested
to have a number of functions. Such functions include linking
binding partners to scaffolding/cytoskeletal proteins, modula-
tion of the degradation of the proteins they interact with, and
regulation of the proteasome (Buchberger, 2002; Welchman et
al., 2005; Hurley et al., 2006; Schuberth and Buchberger, 2008).
To investigate the possible involvement of UBXD4 in UPS-
related mechanisms, we first investigated whether the UPS inter-
acts with 3. To this end, we demonstrated in dPC12 cells that the
a3 subunit is ubiquitinated (Fig. 7a,b) and degraded by the 26S
proteasome complex (Fig. 7¢). Second, to test the role of UBXD4
in controlling a3* nAChRs stability, we examined the ubiquiti-
nation state of 3* nAChRs in dPC12 cells stably expressing ei-
ther WT-UBXD4, AN-UBXD4, AC-UBXD#4 (the original clone
42, amino acids 1-196) (Fig. 1a), or the empty vector. After p62
pull down, ubiquitinated proteins were detected with anti-a3
antibodies (Fig. 7d). Quantitative analysis of the ladders of ubi-
quitinated a3 [for details, see Materials and Methods and Rez-
vani et al. (2007)] revealed that WT-UBXD4 and AC-UBXD4
significantly decreased the ubiquitinated levels of a3 compared
with AN-UBXD4 and empty vector [empty vector vs WT-
UBXD4: p < 0.05, empty vector vs AN-UBXD4: p > 0.05 (non-
significant), empty vector vs AC-UBXD4: p =< 0.05, WT-UBXD4
vs AN-UBXD4: p < 0.05, WT-UBXD4 vs AC-UBXD4: p > 0.05
(nonsignificant), AN-UBXD4 vs AC-UBXD4: p < 0.05; n = 3 for
each group] (Fig. 7e). The fact that UBXD4 decreases the amount
of ubiquitinated a3 provides a mechanism for the upregulation
of a3* nAChRs levels in dPC12 cells.

Because it has been reported that overexpression of nonpro-
teasomal multiubiquitin binding proteins can inhibit proteaso-
mal activity (Raasi and Pickart, 2003), we conducted experiments
in which proteasomal chymotrypsin-like activity was measured
in dPC12 cells overexpressing UBXD4. In those experiments,
UBXD4 overexpression did not interfere with proteasomal activ-
ity (supplemental Fig. 3c,d, available at www.jneurosci.org as
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they had no significant effect on the levels
of steady-state currents measured in the
same cells (Fig. 8D, top and bottom right
panels). Furthermore, transfection with
WT- and AC-UBXD4 yielded nAChR cur-
rents with faster inactivation kinetics com-
pared with the empty vector- or AN-
UBXD4-transfected cells.

Changes in current kinetics and the fact
that our biotinylation data suggested a
preferential effect of UBXD4 on a382*
nAChRs encouraged us to test the effects
of the a-conotoxin MII (MII) on the cur-
rents. MII can block a332* (Cartier et al.,
1996), B3* (Cui et al., 2003), and a6*
(Vailati et al., 1999; Champtiaux et al.,
2002) nAChRs. As shown in Figure 8, MII
was able to block a larger proportion of
ACh-gated currents in the dPC12 cells
overexpressing WT-UBXD4 or AC-
UBXD4 (Fig. 8a,c). The effects of the toxin
on AN-UBXD4 were comparable to those
observed in empty vector-transfected cells
suggesting that the UBX domain is not
necessary for the effects of UBXD4 on a3*
nAChR levels. Interestingly, we found that
steady-state nAChR currents were also
more sensitive to MII in WT- and AC-
UBXD4-transfected cells, suggesting that
UBXD4 might promote changes in the
overall nAChR subunit composition.

Finally, to further confirm that UBXD4
selectively influences a3* nAChRs, we also
measured a7* nAChRs currents, which
were identified by their fast kinetics and
their sensitivity to methyllycaconitine
(MLA) (supplemental Fig. 6a, available at
www.jneurosci.org as supplemental mate-
rial). As indicated in supplemental Figure
6, b and ¢ (available at www.jneurosci.org
as supplemental material), transfection
with WT-UBXD4 or the truncated forms
of UBXD4 did not alter the size or the ki-
netics of a7 currents.

ER

tion signal allowing nAChRs to bypass the checkpoints at the ER and cis-Golgi level before insertion in the PM.

supplemental material), a result that suggests that the effect of
UBXD4 on a3 nAChRs stability is probably due to a direct inter-
action of the two proteins rather than the inhibition of the pro-
teasome complex.

UBXD4 regulates the size of @332 nAChR currents

The stably transfected dPC12 cells used to study the ubiquitina-
tion state of the a3 subunit in the presence of UBXD4 and its
truncated forms were also used in electrophysiology experiments.
Transfection with WT- and AC-UBXD4, but not with AN-
UBXD4, significantly increased the peak amplitude of ACh-gated
nAChR currents compared with the empty vector (Fig. 8a,b, top
left panel). Peak current densities were also higher in WT- and
AC-UBXD#4 cells versus the empty vector, indicating that the
changes in measured currents were not due to transfection-
induced changes in cell size and morphology (Fig. 8b, bottom left
panel). While WT- and AC-UBXD4 increased peak currents,

Discussion

To address the mechanisms underlying
a3* nAChR trafficking, we searched for unidentified protein
partners for the a3 subunit. Through a Y2H screen we identified
a UBX-containing protein, UBXD4, that interacts with the large
cytoplasmic loop of @3 and a4. This work focused on the inter-
action between UBXD4 and «3* nAChRs. Our data indicate that
UBXD4 participates in the trafficking of a3* nAChRs through
the ER and Golgi compartments, possibly protecting a3*
nAChRs from proteasomal degradation (Fig. 9). UBXD4 overex-
pression led to a greater insertion of @3* nAChRs in the PM,
while silencing of UBXD4 reduced it. Biotinylation experiments
revealed that UBXD4 might preferentially facilitate the insertion
of a3B2 nAChRs in the PM. Indeed the a-conotoxin MII, a se-
lective antagonist of 332 nAChRs (Cartier et al., 1996; Vailati et
al., 1999; Champtiaux et al., 2002; Cui et al., 2003) blocked a
greater percentage of ACh-gated currents in dPC12 cells overex-
pressing UBXD4 than in control cells. The preferential “upregu-
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lation” of a3 82 receptors might be explained by conformational
differences between 332 and a334 nAChRs or by the fact that
dPC12 cells already contain a large intracellular pool of a334
receptors (Gerzanich et al., 1995; Wang et al., 1996, 1998; Arias
and Bhumireddy, 2005; Srivatsan et al., 2006). The selective na-
ture of UBXD4’s influence on the PM insertion of a3* nAChRs
was further confirmed by the fact that UBXD4 overexpression
had no effect on the amplitude or density of &7 nAChRs currents
or mGluR1a receptor levels.

UBXD4 comprises two domains of interest: UBX, at the C
terminus, and SEP, at the N terminus. The original partial
UBXD4 clone isolated in the Y2H experiments only contained
the SEP domain suggesting that the binding site for a3 is located
at the N terminus of UBXD4. This hypothesis was confirmed by
experiments conducted with various truncated forms of UBXD4
indicating that UBXD4 needs the N terminus, but not the C
terminus, to exert its effects on the levels of @3* nAChRs. Another
protein in the UBXD family, TUG (tether, containing a UBX
domain, for GLUT4), which is involved in the trafficking of the
glucose transporter GLUT4 to the PM in response to insulin
(Bogan et al., 2003), behaves similarly to UBXD4. The N termi-
nus and a binding site located in the center of TUG, but not the
UBX domain, bind to the large intracellular loop of GLUT4 to
increase its PM levels (Tettamanzi et al., 2006; Yu et al., 2007).

The UBX domain is found in a variety of proteins with differ-
ing functions and seems to play a role in modulating the UPS.
Examples of these proteins are p47 (Kondo et al., 1997), TUG
(Bogan et al., 2003), FAF1 (Chu et al., 1995), and UBXD2 (Liang
et al., 2006; Wilson et al., 2006). Despite differences in amino-
acid sequence, the UBX domain is structurally very similar to
ubiquitin, displaying characteristic ubiquitin-like folds (Buch-
berger et al., 2001; Yuan et al., 2001).

Our results revealed for the first time that the a3 nAChR
subunit is ubiquitinated and degraded by the UPS. We also
showed that UBXD4 can slow down the degradation of 3. In
fact, interaction of a3 with either WT or AC-UBXD4 decreased
the ubiquitination levels of the nAChR subunit in dPC12 cells
while increasing its half-life. The ability of UBXD4 to protect a3
from degradation resembles that of other adaptor proteins.
Neurofilament-light protein interferes with the ubiquitination
and proteolysis of the NR1 subunit of NMDA receptors (Bedford
et al., 2001; Ratnam and Teichberg, 2005; Saliba et al., 2008),
while TUG blocks the proteolysis of the GLUT4 transporter (Yu
et al., 2007).

How UBXD#4 stabilizes a3* nAChRs remains to be estab-
lished. UBXD4 might mask a putative degradation signal needed
for the targeting of a3 to the proteasome. Degradation of proteins
is normally mediated by selective regions within protein known
as “degron” (Varshavsky, 1992). A degron structure can be a
linear sequence (Gilon et al., 2000), a PEST domain (Belizario et
al., 2008), or distributed motifs (Gardner and Hampton, 1999).
PEST domains are rich in proline (P), glutamic acid (E), serine
(S), and threonine (T) (Rogers et al., 1986). For example, mask-
ing by Homer-1A of the PEST domain located at the C terminus
of the mGluR1a receptor (11211156 aa) can prevent mGluR1a
internalization and proteolysis (Soloviev, 2000). The large intra-
cellular loop of a3 also contains two weak PEST regions (304—
327 and 391-404 aa) which might represent the degradation sig-
nal that is masked by UBXD4 (Gomes and Barnes, 1997). It is also
possible that UBXD4 interferes with more upstream or down-
stream processes by modulating E3 ligase activity or by interfer-
ing with the binding of ubiquitinated a3 to other proteins within
the degradation pathway. A third hypothesis could be that
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UBXD4 works as a scaffold to bring together a deubiquitinating
enzyme and a3, which would consequently help @3 to escape
proteasomal degradation (Wang et al., 2004; Millard and Wood,
2006). Further experiments will be necessary to determine how
UBXD4 interferes with a3 ubiquitination and degradation.

In addition to requiring ER chaperone proteins for proper
assembly/maturation, nAChRs seem to also need adaptor pro-
teins for an efficient delivery from the ER to the PM (Keller and
Taylor, 1999; Millar, 2003; Wanamaker et al., 2003; Wanamaker
and Green, 2005, 2007). Because iodixanol gradient fractionation
showed that UBXD4 cofractionates with the ER as well as the
Golgi compartment, UBXD4 might also escort nAChRs through
the Golgi apparatus in addition to protecting them from ERAD-
associated degradation. Interestingly, an ERAD-like system has
been shown to exist next to the cis-Golgi compartment (Haynes
et al., 2002).

The fact that UBXD4 is itself regulated by the UPS adds an
additional level of complexity to the regulation of a3* nAChR
trafficking. Because UBXD4 is degraded by the proteasome, any
intervention capable of changing proteasomal activity might im-
pinge on a3* nAChR levels directly, by controlling nAChR deg-
radation and indirectly, by affecting the amount of UBXD4 in the
cytoplasm. This observation suggests the presence of an autoreg-
ulatory feedback loop between the UPS, UBXD4, and nAChRs
that controls the receptors cellular abundance. Interestingly, we
recently showed that nicotine acts as a partial proteasomal inhib-
itor that can prevent proteins from being degraded by the UPS
(Rezvani et al., 2007). Nicotine-induced upregulation could in-
crease the levels of @3* (and possibly a4*) nAChRs by both pre-
venting nAChR degradation and increasing the cellular levels of
UBXD4. Finally, the discovery of UBXD4 might be relevant to the
pathophysiology of a human disorder, the megacystis-
microcolon-intestinal hypoperistalsis (MMIH) syndrome. The
clinical manifestations of the MMIH syndrome are similar to the
phenotypes we described for mice null for the @3 nAChR subunit
(Berdon et al., 1976; Xu et al., 1999). Because no loss-of-function
mutations in the a3 gene could be found in the MMIH patients
examined (Lev-Lehman et al., 2001), other protein deficits could
underlie the syndrome. UBXD4, with its ability to regulate the
levels of @3* nAChRs at the PM is a potential candidate.

In summary, we identified a protein, UBXD4, that selectively
regulates the levels of @3* nAChRs at the PM by facilitating their
maturation and/or regulating their degradation. UBXD4 might
influence the expression of a3* nAChRs at the synapse in normal
conditions as well as during smoking.
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