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ABSTRACT: Neuropathy target esterase (NTE) is an endoplasmic reticulum membrane-associated phospholipase B, which
is essential for embryonic and nervous system development.
However, the regulation of NTE at the protein level had not
been thoroughly investigated. Our previous study showed that
NTE was degraded not only by the macroautophagy−lysosome
pathway but also by the ubiquitin−proteasome pathway. Here we
further reveal that androgen receptor-associated protein 54
(ARA54) regulated the ubiquitin−proteasome degradation of
NTE. We ﬁnd that deletion of the regulatory domain of NTE,
which possesses a putative destruction box and thus is essential
for its degradation by the proteasome, prevented its degradation by the proteasome. In addition, we demonstrate that ARA54,
which has a RING ﬁnger domain and E3 ligase activity, interacts directly with NTE. Overexpression of ARA54 downregulates the
protein level of NTE, and knockdown of ARA54 inhibits the degradation of NTE. The mutation in the RING domain of ARA54
blocks the degradation of NTE by ARA54, which indicates that the RING domain is essential for ARA54’s E3 activity. These
ﬁndings suggest that ARA54 acts as the ubiquitin ligase to regulate the ubiquitin−proteasome degradation of NTE.

N

europathy target esterase (NTE) was initially identiﬁed
as the primary target protein of certain neurotoxic
organophosphorus compounds (OPs).1 The inhibition of NTE
by OPs triggers a delayed neuropathy (OPIDN) characterized
by demyelination and degeneration of long nerve axons in
humans, and laboratory animals.2,3 NTE is critical for normal
embryonic and nervous system development. In mice, complete
inactivation of the NTE gene results in embryonic lethality
because of placental failure and impaired vasculogenesis,4,5
while mice with a brain-speciﬁc deletion of NTE exhibit
neurodegeneration.6 Moreover, a recent ﬁnding has shown that
mutations in NTE cause motor neuron disease.7
NTE is a 1327-amino acid polypeptide with two functional
domains, an amino-terminal putative regulatory domain of
∼700 residues containing three speculated cyclic nucleotidebinding domains and a carboxyl-terminal catalytic/esterase
domain that includes a patatin domain (Figure 1A).8 NTE is
anchored to the cytoplasmic face of the endoplasmic reticulum
(ER) by an amino-terminal transmembrane segment (TM),
and the regulatory and catalytic domains interact with the
cytoplasmic face of the ER.6,8 Previous observations indicate
that NTE displays potent lysophospholipase activity in the
mouse brain.9 Further characterization of this activity shows
that it is responsible for converting phosphatidylcholine to
glycerophosphocholine in mammalian cells and regulating
phosphatidylcholine homeostasis in Drosophila.10,11
© 2015 American Chemical Society

Figure 1. NTE constructs used in this study and the D-box sequence
in NTE and ARA54. (A) Full-length NTE (1327 amino acids) (NTE)
and three truncated NTE forms [ΔR-NTE (Δ158−673), NTER (1−
680), and NTEC (681−1307)] were tagged with GFP at the carboxyl
terminus. The predicted TM (10−31) is represented with blue vertical
lines, and the position of the proposed D-box site (276−284) is
indicated by an arrow. The putative regulatory domain (R) and the
catalytic domain (C) are shown as red and yellow areas, respectively.
(B) Sequence comparison of the D-box in NTE and ARA54. Similar
sites are indicated by underlining.
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Although the character and function of NTE have been
elucidated, the regulation of NTE is still not completely known.
NTE may be controlled by protein kinase C (PKC) because it
is downregulated by PKC activator phorbol 12-myristate 13acetate (PMA) in a manner blocked by PKC inhibitor
staurosporine.12 There is a direct interaction between NTE
and G protein β-2, which may regulate NTE activity.13 Our
previous results show that NTE was degraded by the
macroautophagic lysosomal pathway.14 Preliminary bioinformatics analysis of the NTE sequence shows that there is a
sequence (R-V-T-F-L-A-L-H-N, amino acids 276−284) similar
to the destruction box (D-box) composed of the sequence R-XX-L-X-X-X-X-N within the putative regulatory domain (Figure
1B). The D-box is a known recognition signal found in
substrates that are degraded by the ubiquitin (Ub)−proteasome
pathway (UPP).15,16 Thus it suggests that the UPP is involved
in the degradation of NTE. Indeed, our recent study showed
that NTE accumulated in the cells after treatment with
proteasome inhibitor epoxomicin,17 indicating that the
proteasome was involved in NTE degradation.
The Ub−proteasome system plays a central role in selective
protein degradation in eukaryotic cells and is involved in a
variety of cellular functions.18 Ubiquitination of a target protein
requires sequential reactions involving three types of enzymes,
Ub-activating enzyme (E1), Ub-conjugating enzyme (E2), and
Ub-ligase (E3). E3s play important roles in catalyzing the
formation of Ub chains on the substrate. A number of RING
(really interesting new gene)-ﬁnger proteins have been
identiﬁed to directly bind their substrates and exhibit E3
activity.19,20 Androgen receptor (AR)-associated protein 54
(ARA54) was demonstrated to have the RING domain and E3
ligase activity.18
In our early study, we identiﬁed ARA54 as an interacting
protein with NTE by using yeast two-hybrid screening.21 In the
study presented here, we ﬁrst demonstrated that NTE’s
regulatory domain was critical for its degradation by UPP.
Then, we showed that ARA54 could regulate the level of NTE
as an Ub-ligase. These ﬁndings suggest that multiple pathways
could regulate NTE at the protein level.

cence (ECL) reagents were obtained from Applygen
Technologies Inc. (Beijing, China).
Plasmid Construction. To generate the expression
constructs of ARA54 and mutant ARA54 (mtARA54) with
Myc tag pCMV-Myc-ARA54 and pCMV-Myc-mtARA54, the
full-length coding cDNA sequences for ARA54 and mtARA54
were ampliﬁed from pACT2-ARA54 and pACT2-mtARA54,
respectively, using primers 5′-CGGAATTCGGATGTCGTCAGAAGATCGAGAA-3′ and 5′-CTCTCGAGCTAGTCTTCTACCTCATCTTC-3′. The polymerase chain reaction (PCR)
products were inserted into EcoRI and XhoI sites of pCMVMyc vectors. Both constructs were conﬁrmed by sequencing.
For generating an ARA54-DsRed fusion construct, the
ARA54 coding sequence was ampliﬁed using two speciﬁc
primers: a forward primer containing an internal EcoRI site (5′CGGAATTCGCCATGTCGTCAGAAGATCGAGAA-3′) and
a reverse primer including a BamHI site (5′-CTGGATCCGGGTCTTCTACCTCATCTTCCCA-3′). PCR production was
cloned into the EcoRI and BamHI sites of the vector pDsRed1N1 to make ARA54-DsRed, conﬁrmed by DNA sequencing.
Plasmids pNTER-GFP and pNTEC-GFP were generated in
our laboratory.14
Cell Culture, Transfection, and Treatments. Human
neuroblastoma cell line SH-SY5Y and HeLa cancer cell lines
were obtained from the Cell Center of the Chinese Academy of
Medical Sciences (Beijing, China). Monkey kidney COS7 cells
were kindly provided by Y.-L. Wang (State Key Lab of
Reproductive Biology, Beijing, China). SH-SY5Y, HeLa, and
COS-7 cells were maintained in Dulbecco’s modiﬁed Eagle’s
medium (Sigma) supplemented with 10% fetal calf serum and
100 units of penicillin-streptomycin. Incubations were conducted at 37 °C in a humidiﬁed 5% CO2/95% air atmosphere.
Cell transfection was performed according to the manual of the
Vigorous transfection reagent. After transfection for 24 h,
MG132 or lactacystin dissolved in dimethyl sulfoxide (DMSO)
was added to inhibit the protein degradation by UPP, and
DMSO treatment was the control. At the same time, 30 μM
cycloheximide was added to the cells to avoid the confounding
eﬀects of ongoing protein synthesis. The cell lysates and
protein samples were prepared, and Western blotting was
performed according to the method described in ref 14. The
blots were stripped and reprobed for anti-actin antibody if
needed. Densitometry of Western blotting was conducted using
ImageJ.
Co-immunoprecipitation Assays. COS7 cells were
transfected with pNTE-EGFP (pEGFP-N3 vector as a control)
and pMT123 (HA-Ub) or pCMV-Myc-ARA54 vector by the
Vigorous transfection reagent. Forty-eight hours later, the cells
were rinsed three times with ice-cold PBS and lysed in lysis
buﬀer [50 mM Tris (pH 7.5), 1% NP-40, 0.5% Na3VO4, 150
mM NaCl, and 1 mM EDTA]. For immunoprecipitation, the
cell lysates were incubated with primary antibody and rotated at
4 °C for 3 h. Protein A/G agarose (Santa Cruz Biotechnology)
beads were used to immobilize antibody-bound proteins.
Immunoprecipitates were washed three times with lysis buﬀer
and resuspended in sodium dodecyl sulfate−polyacrylamide gel
electrophoresis loading buﬀer for immunoblotting analysis.
Fluorescence Microscopy. COS7 cells were seeded on the
coverslips in six-well plates for ﬂuorescence analysis. Twentyfour hours after being seeded, the cells were cotransfected to
express NTE-GFP and ARA54-DsRed. Forty-eight hours after
transfection, the cells were washed three times with Trisbuﬀered saline {TBS [50 mM Tris-HCl and 150 mM NaCl

■

MATERIALS AND METHODS
Materials. The pNTE-GFP, pΔTM-NTE-GFP, and D16
plasmids containing the full-length cDNA sequence of human
NTE were generous gifts from P. Glynn’s lab (Toxicology Unit,
MRC, U.K.).8 Plasmid pMT132 (HA-tagged Ub) and plasmids
pACT2-ARA54 and pACT2-mtARA54 were kindly donated by
D. Bohmann (University of Rochester, Rochester, NY) and Y.
Okano (Gifu University School of Medicine, Gifu, Japan),
respectively. Cell culture reagents, cycloheximide, lactacystin,
MG132, 3-methyladenine (3-MA), and anti-ARA54 antibody
were purchased from Sigma-Aldrich (St. Louis, MO), and the
transfection reagent VigoFect was purchased from Vigorous
Biotechnology (Beijing, China). Human NTE-speciﬁc antibody
against peptides corresponding to amino acids 1316−1327
(LPQEPPGSATDA) was generated by Beijing B&M Biotech
Co. Ltd. (Beijing, China). Mouse anti-Myc monoclonal
antibody, mouse anti-ARA54 monoclonal antibody, rabbit
anti-ubiquitin polyclonal antibody, rabbit anti-actin polyclonal
antibody, mouse anti-GFP monoclonal antibody, mouse antiHA monoclonal antibody, goat anti-mouse IgG HRP, and goat
anti-rabbit IgG HRP were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Enhanced chemilumines7386
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Figure 2. Proteasome inhibitor treatment promoted NTE accumulation, and NTE was modiﬁed by ubiquitination. (A) SH-SY5Y cells were treated
for 18 h with diﬀerent concentrations of MG132 and then lysed. Total cell lysates were analyzed by immunoblotting using anti-NTE antibody. Actin
was used as a loading control. (B) SH-SY5Y cells were treated with or without 20 μM MG132 in the presence of 30 μM cycloheximide for the
indicated time and lysed. Total cell lysates were analyzed by immunoblotting using anti-NTE antibody. Actin was used as a loading control. (C)
Relative levels of NTE (fold of 0 h control) in the presence (■) or absence (□) of MG132 quantiﬁed by densitometry. Data are expressed as the
means ± SE (n = 3). Asterisks indicate eﬀects signiﬁcantly diﬀerent from control (0 h): *P < 0.05, **P < 0.01; # indicates a signiﬁcant diﬀerence
between groups in the presence of MG132 and absence of MG132 in the indicated time (P < 0.05). (D) HeLa cells were treated with or without 30
μM cycloheximide (CHX) in the presence of 20 μM MG132 for the indicated time and lysed. Total cell lysates were analyzed by immunoblotting
using anti-NTE antibody. The number under each NTE band showed the relative level of NTE to actin quantiﬁed by densitometry. Actin was used
as a loading control. (E) HeLa cells were treated with or without 30 μM cycloheximide (CHX) in the presence of 10 μM lactacystin (Lac) for the
indicated time and lysed. Total cell lysates were analyzed by immunoblotting using anti-NTE antibody. The number under each NTE band shows
the relative level of NTE to actin quantiﬁed by densitometry. Actin was used as a loading control. (F) HeLa cells were treated with or without 30 μM
cycloheximide (CHX) in the presence of 5 or 10 μM lactacystin (Lac) or 10 or 20 μM MG132 for 18 h and lysed. Total cell lysates were analyzed by
immunoblotting using anti-NTE antibody. Actin was used as a loading control. (G) SH-SY5Y cells were treated for 24 h with or without 10 μM
MG132. Immunoprecipitation (IP) was performed with anti-NTE antibodies (IP: NTE), followed by immunoblotting (IB) with anti-ubiquitin
antibodies (IB:Ub). The blots shown are representative of three independent experiments. (H) NTE-GFP-transfected COS7 cells were treated for
18 h with diﬀerent concentrations (micromolar) of MG132 in the presence of 30 μM cycloheximide. Cell lysates were subjected to immunoblotting
with anti-GFP antibodies. Actin was used as a loading control. (I) Polyubiquitination of NTE-GFP. COS7 cells were cotransfected with NTE-GFP
and HA-Ub. After transfection for 48 h, cells were lysed in CHAPS buﬀer and co-IP of NTE-GFP and HA-Ub was performed using an anti-GFP
monoclonal antibody. The co-immunoprecipitated NTE-GFP was detected by Western blotting using an anti-HA monoclonal antibody. The highmolecular weight smear indicates the polyubiquitinated NTE-GFP complex. The blots shown are representatives of three independent experiments.
In Western blotting results, NTE protein was 155 kDa, actin protein was 42 kDa, and NTE-GFP was 182 kDa.

(pH 7.4)]}, then ﬁxed with ice-cold 90% (v/v) methanol in
TBS at −20 °C for 20 min, and washed with TBS twice. The
distribution of NTE-GFP and ARA54-DsRed in cells was
observed under a laser scanning confocal microscope (LSM510,
Carl Zeiss, Jena, Germany). GFP and DsRed cotransfected cells
were used as a control.
RNA Interference (RNAi) Experiments. Small interfering
RNA (siRNA) target sites within the ARA54 gene were
selected according to the method described in a previous
study.22 The siRNA inserts, containing selected 19-nucleotide
coding sequences, followed by a nine-nucleotide spacer, an
inverted repeat of the coding sequence, and ﬁve Ts, were
generated as double-stranded DNAs with BamHI and HindIII
sites and then cloned into plasmid pGenesil-1. The

corresponding oligos for generating ARA54 siRNA were 5′GATCCCCATGCCTCAACTGCCCAGAATTCAAGAGATTCTGGGCAGTTGAGGCATTTTTTGGAAA-3′ and 5′-AGCTTTTCCAAAAAATGCCTCAACTGCCCAGAATCTCTTGAATTCTGGGCAGTTGAGGCATGGG-3′. A nonfunctional
scrambled siRNA was constructed as a negative control, which
contains nucleotide substitutions at the 19-nucleotide targeting
sequence of shRNA. The corresponding oligos for generating
this scrambled siRNA control were 5′-GATCCCCGATACGAATTCAGACCGTATTCAAGAGATACGGTCTGAATTCGTATCATTTTTGGAAA-3′ and 5′-AGCTTTTCCAAAAAGATACGAATTCAGACCGTATCTCTTGAATACGGTCTGAATTCGTATCAGGG-3′. Both constructs were veriﬁed by
DNA sequencing. These constructs and mock plasmids were
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truncated NTE forms (ΔR-NTE, NTER, and NTEC) tagged
with GFP were also used for experiments. As expected,
inhibition of UPP by MG132 for 18 h resulted in an obvious
increase in the levels of NTER-GFP in the presence of
cycloheximide. In contrast, the levels of ΔR-NTE-GFP and
NTEC-GFP were not aﬀected by MG132 treatments (Figure
3). These results indicate that the R domain of NTE, rather

transfected into HeLa cells by the Vigorous transfection
reagent. After transfection for 48 h, cells were lysed to detect
the expression of ARA54 and NTE by Western blotting
analysis.
Statistical Analysis. Data were generally expressed as
means ± the standard error. Groups of data were compared by
one-way analysis of variance. A diﬀerence between means was
considered signiﬁcant when P < 0.05.

■

RESULTS
NTE and GFP-Tagged NTE Are Degraded by UPP. To
determine whether NTE is degraded by the proteasome
pathway, we assessed the eﬀect of MG132, a widely used
proteasome inhibitor,23 on NTE protein clearance in human
neuroblastoma cell line SH-SY5Y cells, which have high levels
of NTE expression.24 The NTE protein level was signiﬁcantly
increased by MG132 treatment at two diﬀerent concentrations
(10 and 20 μM) for 18 h in SH-SY5Y cells (Figure 2A). As
shown in Figure 2B, in the presence of protein synthesis
inhibitor cycloheximide (CHX), the protein level of human
NTE decreased 43% within 18 h, while the degradation of NTE
was suppressed by MG132 treatment (Figure 2C). In addition,
when CHX was present, the increase in NTE by MG132 and
another proteasome inhibitor lactacystin (Lac) treatment was
inhibited (Figure 2D−F). Taken together, these results indicate
that endogenous NTE is degraded by the proteasome.
Eﬃcient recognition and degradation of ubiquitinated
proteins by the proteasome requires addition of at least four
ubiquitin residues to target proteins.19 To determine whether
NTE protein is ubiquitinated prior to its degradation by the
proteasome, we performed immunoprecipitation assays. SHSY5Y cells were treated with or without MG132 for 18 h, and
the cell lysates were immunoprecipitated with anti-NTE
antibody followed by immunoblotting with anti-ubiquitin
antibody to detect polyubiquitinated NTE proteins. Polyubiquitinated forms of NTE were detected only in
immunoprecipitated samples from cells after MG132 treatment,
not cells without MG132 treatment (Figure 2G). These results
demonstrate that some endogenous NTE proteins are
ubiquitinated.
Furthermore, we observed protein clearance of NTE in
COS7 cells transfected with GFP-tagged NTE in the presence
of CHX (Figure 2H). As shown in Figure 2H, MG132
treatment signiﬁcantly increased NTE-GFP levels in a dosedependent manner, indicating that proteasome inhibitor
MG132 prevents the degradation of NTE-GFP. However,
when we transfected cells with GFP empty vector, we showed
that GFP levels were basically not aﬀected by MG132
treatment, which indicates that the proteasomal degradation
is speciﬁc to NTE (data not shown). To determine whether the
degradation of NTE-GFP by the proteasome is associated with
ubiquitination, we performed co-immunoprecipitation to detect
the polyubiquitinated NTE. Polyubiquitinated forms of NTE
were detected in transfected COS7 cells expressing both NTEGFP and HA-Ub, but not in cells transfected with HA-Ub and
GFP (Figure 2I). These experiments were performed without
Ub-conjugating enzyme (E2) or Ub-ligase transfection,
indicating that endogenous E2 and E3 are suﬃcient to catalyze
the ubiquitination reaction in COS7 cells.
NTE’s Regulatory Domain (R) Contributes to Degradation of NTE by UPP. To further investigate whether the
putative regulatory domain (R) or the hydrophobic catalytic
domain (C) is involved in NTE degradation by UPP, three

Figure 3. Proteasome inhibitor treatment promotes NTER-GFP
accumulation. (A) COS7 cells were transiently transfected with the
truncated forms (ΔR-NTE-GFP, NTER-GFP, and NTEC-GFP) of
NTE. Twenty-four hours after transfection, cells were incubated with
or without 20 μM MG132 in the presence of 30 μM cycloheximide for
18 h. Total cell lysates were analyzed by immunoblotting using antiGFP antibody. Actin was used as a loading control. (B) The relative
level of NTE was quantiﬁed by densitometry. Data are presented as
means ± SE (n = 3). *P < 0.05.

than the TM domain and the C domain, contributes to NTE
degradation by UPP and D-box may be located in the R
domain of NTE.
NTE Is Degraded by the Proteasome Pathway and
Macroautophagy. Our previous results showed that NTE
was also degraded by macroautophagy.14 We then assessed
whether NTE was degraded by both pathways. HeLa cells were
incubated with or without 10 mM 3-MA, 20 μM MG132, or 10
mM 3-MA with 20 μM MG132 in the presence of 30 μM
cycloheximide for 18 h. Total cell lysates were analyzed by
immunoblotting with anti-GFP antibody to detect the level of
NTE. As shown in Figure 4, the protein levels of NTE in 3-MAtreated cells and MG132-treated cells increased compared with
those of control cells. A further increase in the level of NTE was
detected in cells cotreated with 3-MA and MG132 compared
with that of 3-MA-treated cells or MG132-treated cells. These
data further support the idea that NTE proteins are degraded
by both macroautophagy and the proteasome.
NTE Directly Interacts with ARA54. To conﬁrm the
interaction between NTE and ARA54 in mammalian cells, coimmunoprecipitation assays were conducted. Myc-tagged
ARA54 together with NTE-GFP (GFP as a control) was
transfected into COS7 cells. Cell lysates were immunoprecipitated with anti-GFP antibody followed by immunoblotting with
anti-Myc antibody. As shown in panels A and B of Figure 5,
7388
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Figure 4. NTE is degraded by both the proteasome pathway and
macroautophagy. (A) HeLa cells were incubated with or without 10
mM 3-MA, 20 μM MG132, or both inhibitors (10 mM 3-MA and 20
μM MG132) in the presence of 30 μM cycloheximide for 18 h. Total
cell lysates were analyzed by immunoblotting with anti-GFP antibody.
Actin was used as a loading control. (B) The relative level of NTE was
quantiﬁed by densitometry. Data are presented as means ± SE (n = 3).
*P < 0.05; **P < 0.01 in comparison with 3-MA with MG132
(analysis of variance with Dunnett’s multiple-comparison test) . In
Western blotting results, NTE protein was 155 kDa and actin protein
was 42 kDa.

when NTE-GFP or ARA54 was immunoprecipitated from cell
lysates, ARA54 or NTE was also precipitated, respectively. To
determine whether endogenous NTE can form a complex with
ARA54, co-immunoprecipitation assays were performed with
HeLa cell lysates. We detected ARA54 protein when using an
anti-NTE antibody to immunoprecipate NTE-interacting
proteins (Figure 5D). These data conﬁrm the physical
interaction between NTE and ARA54 proteins in mammalian
cells.
As fusion constructs containing GFP or red ﬂuorescent
proteins (DsRed) have been successfully used to detect the
subcellular localization of numerous proteins,25,26 we used GFP
or DsRed fusion proteins to examine the location of ARA54
and NTE in individual living cells. GFP and ARA54-DsRed
were found to be expressed ubiquitously in the cytoplasm and
in the nucleus (Figure 5C, top panel), which was consistent
with previous results.27 Previous studies have shown that NTE
is anchored in ER membranes, and overexpression of NTE can
induce the aggregation of ER membranes in COS7 cells.9 We
observed green ﬂuorescence that was seen only in the
cytoplasm of NTE-GFP-expressing cells. NTE-GFP expression
induced the aggregation of ARA54-DsRed (Figure 5C, bottom
panel), indicating NTE-GFP colocalized with ARA54-DsRed.
These results further demonstrate that the NTE and ARA54
proteins directly interact.
ARA54 Acts as Ub-Ligase To Regulate the Protein
Level of NTE. To further investigate the role of ARA54 in the
regulation of the NTE protein level, we overexpressed Myctagged ARA54 in HeLa cells. Overexpression of ARA54
signiﬁcantly decreased the levels of NTE in HeLa cells (Figure
6A). However, the mRNA level of NTE was not changed in
ARA54-expressing cells (data not shown). When ARA54overexpressing HeLa cells were treated with MG132 or CHX,
the increase or decrease in the NTE level was not as evident as
in normal HeLa cells (Figure 6B) because the ARA54 level was
induced by MG132 treatment and reduced by CHX treatment
(Figure 6B). Thus, the level of degradation of NTE was higher
after MG132 treatment and lower after CHX treatment
compared to the level of NTE in cells without ARA54
expression. Therefore, the extent of accumulation of NTE was
lower after MG132 treatment and higher after CHX treatment
in cells with ARA54 expression than in NTE in cells without

Figure 5. ARA54 interacts directly with NTE. (A) Co-immunoprecipitation conﬁrms the interaction of ARA54 and NTE. COS7 cells
were cotransfected with NTE-GFP (or GFP) and Myc-ARA54 as
described in Materials and Methods. Forty-eight hours after
transfection, cells were lysed in CHAPS buﬀer and a co-IP of NTEGFP (182 kDa) and Myc-ARA54 (54 kDa) was performed using an
anti-GFP monoclonal antibody. The co-immunoprecipitated NTEGFP was detected by Western blotting using an anti-Myc monoclonal
antibody. (B) The cotransfected COS7 cell lysates were immunoprecipitated by anti-Myc antibody and then detected by Western blotting
using anti-GFP antibody. (C) Colocalization of NTE-GFP and
ARA54-DsRed in transfected COS7 cells. Cells were transiently
cotransfected with NTE-GFP or GFP and ARA54-DsRed constructs;
48 h post-transfection cells were ﬁxed, and the distribution of
ﬂuorescent proteins was analyzed by confocal microscopy. The bar is
10 μm. (D) HeLa cell lysates were immunoprecipitated by either antiNTE or control antibody (normal mouse IgG), and the
immunoprecipitated products were detected by Western blotting
with anti-ARA54 antibody.
7389
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Figure 7. ARA54 regulates the NTE level by the RING-ﬁnger motif.
(A) Structures of wild-type (WT) ARA54 and its RING point mutant
(MT). The numbers indicate the amino acid positions. The RING is
indicated as a ﬁlled gray box and the AR-BD as a ﬁlled black box. (B)
Western blotting data show the endogenous NTE level in ARA54
(WT)- and ARA54 (MT)-expressing HeLa cells. Actin was used as a
loading control. The myc-ARA54 (WT or MT) was 54 kDa, NTE
protein 155 kDa, and actin protein 42 kDa. (C) The relative level of
NTE was quantiﬁed by densitometry and is shown with the NTE:actin
ratio. Data are presented as means ± SE (n = 3). *P < 0.05.

Figure 6. ARA54 regulates the NTE protein level. (A) HeLa cells were
transfected with Myc-ARA54 or Myc (as a control). Forty-eight hours
after transfection, total cell lysates were used to detect the expression
of Myc-ARA54 (54 kDa) and NTE (155 kDa) by Western blotting.
Actin (42 kDa) was used as a loading control. The blots shown are
representative of three independent experiments. (B) HeLa cells were
transfected with Myc-ARA54 (WT). Twenty-four hours after transfection, cells were treated with 20 μM MG132 or 30 μM
cycloheximide (CHX) for the indicated time. Total cell lysates were
analyzed by immunoblotting using anti-NTE antibody. Actin was used
as a loading control. (C) Western blotting data show the endogenous
ARA54 level (left) and NTE level (right) in siARA54 and control
siRNA (mock)-transfected HeLa cells. Actin was used as a loading
control. (D) The relative level of NTE was quantiﬁed by densitometry.
Data are presented as means ± SE (n = 3). *P < 0.05.

using inhibitors of proteasomal degradation, we showed that
both the overexpressed and endogenous NTE are degraded by
the proteasome pathway. Furthermore, co-immunoprecipitation experiments showed that NTE protein can be ubiquitinated.
The D-box (consensus RXXLXXXXN sequence) is a known
recognition signal found in substrates that are degraded by the
UPP.16 The D-box was originally identiﬁed as a conserved nineamino acid motif in sea urchin cyclin B.15 The consensus for
the motif in B-type cyclins is RXALGXIXN, in which R at
position 1 and L at position 4 are highly conserved except for
that of cyclin B3, which has F instead of L at position 4.28
Mutations in the D-box of cyclin B prevented its ubiquitination
and proteolysis.15 Preliminary bioinformatics analysis showed
that there is a similar sequence (RVTFLALHN, residues 276−
284) within the R domain of NTE to the D-box of cyclin B3.
Thus, we propose that the D-box of NTE may act as
recognition signal for NTE degradation. Our results showed
that only NTER, but not ΔR-NTE or NTEC, tagged with GFP
accumulated after treatment with MG132. These results
indicate that the R domain of NTE contributes to NTE
degradation by UPP. However, further studies are required to
determine whether these residues in the D-box aﬀect the
degradation of NTE. We previously identiﬁed an androgen
receptor-associated protein ARA54 as an interacting protein
with ΔTm-NTE-R by using yeast two-hybrid screening.21
These data indicated that NTE may be degraded by the
ubiquitin−proteasome pathway with ARA54.
ARA54 was ﬁrst identiﬁed as a ligand-dependent interaction
partner with the androgen receptor, and ARA54 could enhance
the transactivation of AR.29 The physiological roles of ARA54
in prostate cancer progression have been well studied.22,30,31
ARA54 mRNA is expressed at the highest levels in testis but is
also expressed at diﬀerent levels in a variety of other human
tissues, such as thymus, spleen, colon, prostate, uterus, blood
leukocyte, and small intestine,29 indicating that ARA54 may
function in a manner independent of androgen-mediated
signaling. Recently, ARA54 has been found to be involved in
transcriptional regulation of the cyclin D1 gene in the absence

ARA54 expression (compare to Figure 2). These results
indicate that ARA54 regulates NTE at the post-translational
level.
To demonstrate that endogenous ARA54 can function as a
regulator of NTE, we used siRNA to silence endogenous
ARA54 expression in HeLa cells. Consistent with previous
work, ARA54 expression was signiﬁcantly suppressed by
ARA54 siRNA (siARA54) compared with the control siRNA
(Figure 6C). The level of expression of NTE was increased
0.25-fold by the knockdown of ARA54 (Figure 6D), which
indicated reduction of ARA54 inhibited the degradation of
NTE and ARA54 was involved in the regulation of NTE
protein levels.
A previous study showed that ARA54 had autoubiquitination
activity that is dependent on the RING-ﬁnger domain (RING),
which is responsible for the interaction with a Ub-conjugating
enzyme.27 To investigate whether ARA54 also acts as a Ubligase in the degradation of NTE, we constructed a mutant
ARA54 with a C220S point mutation, which results in a
dysfunctional RING domain [MT ARA54 (Figure 7A)]. As
shown in panels B and C of Figure 7, overexpression of WT
ARA54 signiﬁcantly increased the level of degradation of NTE
and decreased the level of NTE. In contrast, overexpressing
MT ARA54 was much less eﬀective in decreasing the NTE
level. These data indicate that the RING domain of the Ubligase ARA54 is critical for the degradation of NTE.
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DISCUSSION
Degradation of cytoplasmic proteins proceeds via two pathways: the ubiquitin proteasome pathway and autophagy. Here,
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of AR stimulation.32 However, AR-independent functions of
ARA54 are still not entirely known.
ARA54 has two protein domains: the AR-binding domain
(AR-BD) and a RING domain (Figure 7A). ARA54 was
demonstrated to be autoubiquitinated, and the RING domain
was critical for its interaction with class III E2s, such as
UBE2E2, UbcH6, and UBE2E3.27 However, the substrate
proteins of ARA54 had not been identiﬁed. Our results are the
ﬁrst to show that NTE is a target protein of ARA54 and ARA54
regulates NTE levels in an AR-independent manner. Moreover,
the RING domain was demonstrated to be essential for the
regulation of NTE by ARA54. NTE protein is also expressed in
non-neuronal tissues, including testis, intestine, placenta, and
lymphocytes.4,33,34 Thus, ARA54 and NTE coexist in various
tissues.
In summary, we reveal that ARA54 acts as the ubiquitinligase to regulate the ubiquitin−proteasome degradation of
NTE. Important questions about what factors or conditions
aﬀect the exposure of the destruction box in NTE, how ARA54
gets recruited, and other factors inﬂuencing the degradation
and synthesis of NTE remain to be addressed in future studies.

■
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