THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 40, pp. 24604 -24613, October 2, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

The E3 Ubiquitin Ligases, HUWE1 and NEDD4-1, Are Involved
in the Post-translational Regulation of the ABCG1 and ABCG4

Lipid Transporters™

Received for publication, July 6, 2015, and in revised form, August 11,2015 Published, JBC Papers in Press, August 20, 2015, DOI 10.1074/jbcM115.675579

Shereen M. Aleidi*', Vicky Howe®, Laura J. Sharpe**, Alryel Yang*, Geetha Rao*, Andrew J. Brown®?,

and Ingrid C. Gelissen**

From the *Faculty of Pharmacy, The University of Sydney, Sydney NSW 2006 and 3School of Biotechnology and Biomolecular
Sciences, The University of New South Wales, Sydney NSW 2052 Australia

Background: The ABCG1 lipid transporter is regulated via protein ubiquitination.

Results: We identify two E3 ligases that regulate the protein stability and activity of ABCG1 and ABCG4.

Conclusion: The ligases, HUWE1 and NEDD4-1, are involved in the regulation of cholesterol export from cells.
Significance: Understanding the fine tuning of cholesterol homeostasis will help to understand how dysregulation can cause

disease.

The ATP-binding cassette transporter ABCG1 has an
essential role in cellular cholesterol homeostasis, and dys-
regulation has been associated with a number of high burden
diseases. Previous studies reported that ABCG1 is ubiquiti-
nated and degraded via the ubiquitin proteasome system.
However, so far the molecular mechanism, including the
identity of any of the rate-limiting ubiquitination enzymes, or
E3 ligases, is unknown. Using liquid chromatography mass
spectrometry, we identified two HECT domain E3 ligases
associated with ABCG1, named HUWE1 (HECT, UBA, and
WWE domain containing 1, E3 ubiquitin protein ligase) and
NEDD4-1 (Neural precursor cell-expressed developmentally
down regulated gene 4), of which the latter is the founding
member of the NEDD4 family of ubiquitin ligases. Silencing
both HUWE1L and NEDD4-1 in cells overexpressing human
ABCGLI significantly increased levels of the ABCG1 mono-
meric and dimeric protein forms, however ABCA1 protein
expression was unaffected. In addition, ligase silencing
increased ABCG1-mediated cholesterol export to HDL in
cells overexpressing the transporter as well as in THP-1
macrophages. Reciprocally, overexpression of both ligases
resulted in a significant reduction in protein levels of both the
ABCG1 monomeric and dimeric forms. Like ABCG1, ABCG4
protein levels and cholesterol export activity were signifi-
cantly increased after silencing both HUWE1 and NEDD4-1
in cells overexpressing this closely related ABC half-trans-
porter. In summary, we have identified for the first time two
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E3 ligases that are fundamental enzymes in the post-transla-
tional regulation of ABCG1 and ABCG4 protein levels and
cellular cholesterol export activity.

The ATP-binding cassette (ABC)* transporter, ABCGI, is
involved in exporting lipids from cells to external acceptors
such as high density lipoprotein (HDL) (1). ABCG1 belongs to
the G-subfamily of ABC half-transporters (2), and is thought
to function as a homodimer (3). The transporter is highly
expressed in macrophages and neurons, where it is involved in
the export of cholesterol, phospholipids as well as oxysterols (2,
4). Dysregulation of ABCG1 has been implicated in a number of
diseases, such as atherosclerosis, lung disease, Type 2 diabetes,
Alzheimer, and more recently, cancer and immune function (5,
6). Although its individual role in the development of athero-
sclerosis in mouse models has at times been confusing, its
important role in conjunction with ABCA1 in maintaining
macrophage cholesterol homeostasis has been more evident
(7). In addition, ABCG1 (in conjunction with ABCA1) has been
implicated in the regulation of B-cell function and insulin
secretion (8), and more recently in the regulation of triglyceride
storage in adipocytes (9).

ABCG#4 is highly homologous to ABCGI1, sharing 72%
sequence identity in humans (10). However, its expression has
traditionally been thought to be limited to cell types in the brain
and eye (11), with co-expression of both ABCG1 and ABCG4 in
neurons and astrocytes (12). Overexpression studies and anal-
yses of tissues from knock-out mice have identified potential
substrates for ABCG4, including cholesterol, oxysterols, and
cholesterol intermediates (11-13). Interestingly, while the
brains of single ABCG1 or ABCG4-null mice show limited

*The abbreviations used are: ABC, ATP-binding cassette; HECT, homologous
to E6Ap C-terminus; HECTD1, HECT domain containing 1, E3 ubiquitin pro-
tein ligase; HUWE1, HECT, UBA, and WWE domain containing 1, E3 ubiqui-
tin protein ligase; HDL, high density lipoprotein; IP, immunoprecipitation;
LC/MS, liquid chromatography mass spectrometry; NEDD4-1, neural pre-
cursor cell-expressed developmentally down-regulated gene 4; PMA,
phorbol myristate acetate; RING, really interesting new gene.
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accumulation of lipids, the double ABCG1/ABCG4 knock-out
mouse has significant brain accumulation of a number of oxy-
sterols (such as 24(S), 25- and 27-OH-cholesterol), cholesterol
intermediates (such as lathosterol, lanosterol, and desmos-
terol), as well as cholesterol itself. This suggests a potential
compensatory role for these two half-transporters in brain cells
(11, 12). It is not yet fully determined whether these two half-
transporters function on the plasma membrane or whether
they also have a role intracellularly, potentially in proper traf-
ficking of lipids (14, 15).

The transcriptional regulation of ABCG1 has been well
established, with the liver X-receptor, or LXR, transcription
factor identified as an important regulator of ABCG1 mRNA
expression (16). The post-translational regulation of the trans-
porter is less well established, but thought to be equally impor-
tant in the fine-tuning of transporter activity. Previously, it has
been demonstrated that ABCGL is ubiquitinated and degraded via
ubiquitin-mediated proteasomal degradation (17). In addition,
Hsieh et al. showed that the cellular cholesterol status is important
in the control of the proteasomal degradation of ABCG1 (18). Low
cellular cholesterol levels increased the extent of ABCG1 ubiquiti-
nation and degradation, while this process was significantly
repressed by addition of cholesterol (18). These findings highlight
a pivotal role for ubiquitination in the regulation of ABCG1 pro-
tein expression and cholesterol export activity.

Ubiquitination involves the covalent attachment of one or
more ubiquitin molecules to a lysine residue of proteins (19),
which can target proteins for proteasome-mediated degrada-
tion (20). Apart from regulating protein turnover, this post-
translational modification can also play a crucial role in other
important cellular processes, including the regulation of pro-
tein trafficking and subcellular distribution, signal transduc-
tion, cell cycle, apoptosis, and DNA repair (21-23). Protein
ubiquitination is carried out by a trio of enzymes, named ubig-
uitin-activating enzyme (E1), ubiquitin-conjugating enzyme
(E2) and ubiquitin protein ligase (E3). The E3 ligases are
thought to determine the substrate specificity of the ubiquiti-
nation reactions (19, 24). Humans express in excess of 600 E3
ligases, which are classified into two main subfamilies, depend-
ing on their enzymatic domain structure and mechanism of
action. Approximately 90% of human E3 ligases belong to the
Really Interesting New Gene (RING) domain ligases, while 28
members belong to the Homologous to E6Ap C terminus
(HECT) domain ligases (25).

In the present study, using nano-liquid chromatography mass
spectrometry (LC/MS), we identified several HECT domain E3s
associated with ABCG1 and further investigated two of these,
namely HUWE1 (HECT, UBA, and WWE domain containing 1,
E3 ubiquitin protein ligase) and NEDD4-1 (Neural precursor cell-
expressed developmentally down-regulated gene 4), which is the
founding member of the NEDD4 family of ubiquitin protein
ligases. The aim of this study was to establish the role of these two
proteins on the stability and activity of ABCG1 as well as ABCG4.

Experimental Procedures

Reagents—Protease and phosphatase inhibitor cocktails,
phorbol myristate acetate (PMA), BSA (essentially fatty acid
free), IGEPAL, and scrambled control siRNA were purchased

SASBMB

OCTOBER 2,2015+VOLUME 290-NUMBER 40

from Sigma-Aldrich. Zeocin, Lipofectamine 2000, Lipo-
fectamine RNAIMAX, Opti-Mem, and all cell culture media
were purchased from Life Technologies. BCA protein reagents
and protein G Sepharose beads were purchased from Thermo
Scientific. Anti-HUWE1 polyclonal antibody was purchased
from Bethyl. Anti-ABCA1 monoclonal, anti-NEDD4 poly-
clonal and VeriBlot anti-rabbit secondary antibody for immu-
noprecipitation was from Abcam. Anti-ABCG4 polyclonal,
anti-Myc polyclonal, secondary anti-mouse, and anti-rabbit
antibodies, anti-a-tubulin monoclonal and anti-flag polyclonal
antibodies were from Sigma-Aldrich. Anti-ABCG1 polyclonal
antibody was purchased from Novus Biologicals. Anti-V5
monoclonal antibody was purchased from Novex. [1a,2a(n)-
3H]cholesterol was from Perkin Elmer. Nitrocellulose mem-
brane and ECL reagents were from Millipore and Amersham
Biosciences. Reagents for hand-casting SDS-PAGE gels, includ-
ing acrylamide, Tris-HCI, glycine, SDS, and TEMED were pur-
chased from Amresco. Mini-PROTEAN precast gels were pur-
chased from Bio-Rad. HDL, was a generous gift from Professor
Wendy Jessup of the Anzac Research Institute, Sydney,
Australia.

Plasmid Constructs and siRNA Oligonucleotides—Plasmid
DNA encoding human NEDD4-1 (cat. no. 27002) and HUWE1
(cat. no. 37431) were purchased from Addgene, and subcloned
into pcDNA3.1/V5 using polymerase incomplete primer exten-
sion cloning (26). Two independent siRNA target sequences for
both hamster HUWE1 and NEDD4-1 were custom designed
and purchased from Sigma-Aldrich. Target sequences for
NEDD4-1 were CTATGAATGGATTTGCTGA and GAGC-
CTGGCTGGGTTGTTT, and for HUWE1l: GGAACAGTA-
CAATTATAGT and GAGAAGATTCCATGAATAT. A stan-
dard scrambled control siRNA was also purchased from
Sigma-Aldrich.

Generation of ABCG4-overexpressing Cells—Human ABCG4
c¢DNA, a generous gift from Professor Helen Hobbs, UT South-
western, Dallas Texas, and described in Graf et al. (27), was
subcloned into pcDNA4.0Myc/His using polymerase incom-
plete primer extension cloning (26). CHO-K1 cells were trans-
fected and selected in zeocin (1 mg/ml), followed by single cell
dilution. After screening for ABCG4 expression, positive clones
were selected and expanded, followed by routine culture in zeo-
cin at 200 ug/ml.

Cell Culture—CHO-K1 cells stably overexpressing c-termi-
nally Myc-tagged human ABCG1 (described in Refs. 3 and 28)
were maintained in Ham’s F12 medium containing 10% (v/v)
heat-inactivated FBS, and supplemented with L-glutamine (2
mm), penicillin (100 units/ml), streptomycin (100 pg/ml), and
zeocin (200 pg/ml) at 37 °C in 5% CO.,,. Cells individually over-
expressing two isoforms of ABCG1, named ABCG1(+12) or
ABCGI1(—12), as described in Gelissen et al. (3, 28), were
utilized for the LC/MS analyses while all other experiments
were carried out with cells expressing ABCG1(—12) only.
ABCG1(—12) and ABCG1(+12) differ by a 12-amino acid pep-
tide that is present between the ATP-cassette and the trans-
membrane domains in ABCGI1(+12) but absent from
ABCG1(—12), attributed to alternative splicing of the ABCG1
gene. Both ABCGI isoforms are expressed in human cells.
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However, ABCG1(+12) is not expressed in some rodents
(3,28).

CHO-K1 cells stably over expressing human ABCG4 were
cultured under the same conditions as CHO-K1 cells overex-
pressing ABCG1. THP-1 monocytes (American Type Culture
Collection) were routinely maintained at a density ranging
from 2 X 10° to 1 X 10° cell/ml in RPMI 1640 medium contain-
ing 10% (v/v) FBS, L-glutamine (2 mM), penicillin (100 units/
ml), and streptomycin (100 wg/ml). For experiments, the cells
were seeded at a density 1 X 10° cell/ml and incubated with
PMA (50 ng/ml) for 72 h to induce differentiation into macro-
phages. PMA was excluded during incubations with siRNA oli-
gos (described below). After 48 h of siRNA transfection, macro-
phage cells were incubated with 5 pg/ml cholesterol/
cyclodextrin (29) for 16 h to up-regulate ABCG1 expression.

LC/MS Identification of ABCGI-interacting Partners—
CHO-K1 cells overexpressing Myc-tagged ABCG1 (ABCG1
(+12) or ABCG1(—)) and CHO-K1 parental cells were har-
vested in RIPA buffer (20 mm Tris, 150 mm NaCl, 0.1% SDS, 1%
IGEPAL, 0.5% deoxycholate; pH 7.5) containing protease inhib-
itors (5 ul/ml) and phosphatase inhibitor (5 ul/ml). ABCG1-
Myc was immunoprecipitated using protein G-Sepharose
beads and anti-Myc polyclonal antibody. Parental CHO-K1
cells were also subjected to immunoprecipitation (IP) as a con-
trol for nonspecific protein binding. Beads were washed five
times with RIPA buffer and once with PBS, and proteins eluted
by boiling in 1X SDS-PAGE loading dye at 95 °C for 10 min,
with vortexing every 2 min. Proteins eluted were separated by
SDS-PAGE using a precast “Any kDa” polyacrylamide gel to
minimize keratin contamination. The gel was fixed in 50/5 %
(v/v) methanol/acetic acid for 30 min followed by washing twice
with 50% (v/v) methanol for 10 min, and rinsed twice in deion-
ized water for 5 min. The gel was sensitized by incubation in
0.02% (w/v) sodium thiosulfate for 2 min, then rinsed three
times with water, followed by incubation with 0.1% (w/v) silver
nitrate for 25 min, rinsed three times in water, then developed
in a solution of 2% (w/v) sodium carbonate, 0.04% (v/v) formal-
dehyde, and 0.0004% (w/v) sodium thiosulfate. The developing
reaction was stopped with 37.6 mm EDTA (10 min) and the gel
stored in water. Gel bands were excised as indicated in Fig. 1A.
Bands were transferred to 1.5 ml tubes and rinsed in water.
Proteins were reduced with 10 mm DTT in 50 mM ammonium
bicarbonate at 37 °C for 30 min. DTT was removed, and pro-
teins were alkylated with 25 mm iodoacetamide in 50 mm
ammonium bicarbonate at 37 °C for 30 min. The solutions were
removed, and the gel bands dehydrated with acetonitrile, fol-
lowed by protein digestion with trypsin (2 ng/ml in 20 mm
ammonium bicarbonate) at 37 °C for 17 h. The trypsin solution
was removed, and peptides extracted from the gel with 1% (v/v)
formic acid for 10 min. Gels were dehydrated with 25 ul of
acetonitrile. The peptide extracts were transferred to new 1.5
ml tubes and evaporated to dryness under vacuum (SpeedVac,
Savant). Peptides were re-suspended in 20 ul 0.05%/1% (v/v)
heptafluorobutyric acid/formic acid and transferred to vials for
LC/MS. LC/MS was performed using an LTQ Orbitrap Velos
(Thermo Scientific) with electrospray ionization (ESI) injec-
tions, with injection volumes of 5 ul. Peptide hits were screened
against the rodent database using the Mascot search engine
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(Matrix Science). We used the following criteria for inclusion of
hits: 1) a required protein score of >30, 2) two or more peptide
hits for at least one ABCG1 isoform, and 3) protein hits were
absent from the CHO-K1 control IP.

SiRNA and Plasmid Transfections—Cells were transfected
with siRNAs oligo’s using Lipofectamine RNAIMAX at a ratio
of 1 ul of siRNA/3 ul lipofectamine. Cells were incubated with
a total siRNA concentration of 0.125 uM, which consisted of
only negative control (scrambled) siRNA, a combination of
0.0625 um control plus 0.0625 um of either HUWEL or
NEDD4-1 siRNAs, or 0.0625 um of HUWEL plus NEDD4-1
siRNAs. After 24 h, cells were incubated with fresh Ham’s F12
medium for a further 24 h for CHO-K1 cells (or 48 h for the data
presented in Fig. 8) or with RPMI 1640 medium containing
PMA (50 ng/ml) for a further 48 h for THP-1 cells.

CHO-K1 cells overexpressing ABCG1(—12) were transiently
transfected with plasmid DNA expressing NEDD4-1/V5 or
HUWE1/V5 using Lipofectamine 2000 at a ratio of 0.25 ug
DNA/pl lipofectamine.

Cell Lysis and Western Blotting—Cells were washed with ice-
cold PBS and lysed in cell lysis buffer (1% IGEPAL in 50 mm
Tris-HCI, 150 mm NaCl, pH 7.8) with the addition of protease
and phosphatase inhibitor cocktails (5 ul/ml). Cell protein lev-
els were measured using the BCA assay, and equal amounts of
cell protein per lane were separated using either 8% (v/v) SDS-
PAGE or 4-15% (v/v) Mini-PROTEAN precast gels, and pro-
teins were transferred onto nitrocellulose membranes. Gels to
separate HUWEL protein were transferred for 16 h due to its
large size (~480 kDa). Membranes were probed using the fol-
lowing antibody dilutions: anti-HUWE1 (1:2000), anti-
NEDD4-1 (1:5000), anti-Myc (1:5000), anti-V5 (1:5000), anti-
tubulin (1:3000), anti-ABCA1 (1:1000), anti-ABCG4 (1:5000),
anti-ABCG1 (1:500). HRP-conjugated anti-rabbit or anti-
mouse secondary antibodies were used at 1:10,000. Protein
bands were visualized by chemiluminescence and quantified
using Image J software (NIH).

Co-IP of ABCG1 and E3 Ligases—CHO-K1 cells stably over-
expressing ABCG1-Myc were transiently transfected with plas-
mids encoding NEDD4-1/V5 or HUWE1/V5 for 24 h. Cells
were harvested in RIPA buffer (20 mm Tris-HCI, 150 mm NaCl,
0.1% (w/v) SDS, 1% (v/v) IGEPAL, pH 7.5) supplemented with
protease and phosphates inhibitors (5 ul/ml). Protein G Sep-
harose beads were incubated with anti-Myc antibody for 1 h at
25 °C to form antibody/bead complexes. Aliquots of cell lysates
were pre-cleared with fresh beads, then added to the antibody/
bead complexes and gently rotated overnight at 4 °C. The beads
were washed extensively and boiled in 1X SDS-PAGE loading
dye (30 mm Tris-base, 10 mm EDTA, 6% (v/v) glycerol, 2% (w/v)
SDS, 0.005% (w/v) bromphenol blue, 10 mm DTT, pH 6.8) at
95°C for 7 min, followed by SDS-PAGE and Western blot
analysis.

Cholesterol Efflux Assay—Cholesterol efflux assays were con-
ducted as previously described (28) with minor modifications
as follows. Cells were incubated with siRNA oligos for 24 h for
CHO-K1 cells overexpressing ABCG1 or ABCG4, or 48 h for
THP-1 cells as described above, followed by radio-labeling
overnight with [1,2a(n)-3H]cholesterol at 1 wCi/ml in serum-
containing medium. The labeling medium was removed, and
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A.
B.
Protein Protein ID ABCG1 | ABCG1 Score Mass Function
(+12) (-12) (peptide match
hits)
AKAP250 gi354466956 Yes No 92 (3) Yes PKA-
anchoring
protein
HECTD1 gi205277432 Yes Yes 62 (3) Yes E3
65 (4) ubiquitin
" ligase
NEDD4-1 gi344243781 Yes Yes 68 (2) Yes
81 (5)
HUWE1 gi47124142 Yes Yes 70 (1) Yes
133 (3)

FIGURE 1. SDS-PAGE separation of IP products before preparation for
LC/MS. A, cells overexpressing either ABCG1(—12) or ABCG1(+12), or
CHO-K1 parental cells were lysed and subjected to IP using an anti-Myc anti-
body as described under “Experimental Procedures.” Proteins were separated
by SDS-PAGE, then visualized via silver-staining. From left to right are the
protein molecular mass marker (lane 1), CHO-K1 control (lane 2), ABCG1(-12)
(lane 3), and ABCG1(+12) (lane 4). Arrows on the right indicate areas from
which bands were excised to analyze via LC/MS. ABCGT1 is labeled. B, table
indicating some of the proteins identified (for full table see supplemental
Table S1). Protein ID refers to the ID from the rodent database. Scores and
peptide hits are indicated for ABCG1(+12) and ABCG1(—12), respectively.

the cells washed twice with PBS, then incubated for 30 min in
serum-free medium containing 0.1% BSA to equilibrate. Cells
were washed once with PBS and incubated in serum-free
medium containing 0.1% BSA alone or with the addition of
HDL, at 10 pg/ml for 6 h for CHOK-1 cells and for 24 h for
THP-1 macrophages. Radioactivity was counted in medium
and cells (washed with PBS and lysed in 0.1% (v/v) Triton X-100
in PBS), and cholesterol efflux expressed as the percentage of
radioactivity released into the media relative to the total radio-
active pool. In the case of ABCG1- and ABCG4-overexpressing
cells, background efflux to CHO-K1 parental cells was sub-
tracted. Data are presented either as percentage efflux or for
ease of presentation, as fold increase over control siRNA treat-
ment, with the latter including subtraction of background
efflux to BSA alone.

Statistical Analyses—Data are expressed as means = S.E. and
were analyzed for statistical differences using one way ANOVA
and Student’s ¢-tests using Prism version 6 (GraphPad Soft-
ware). A p value of < 0.05 was considered significant.

Results

LC/MS Identification of ABCG1 Interacting Partners—Using
immunoprecipitation followed by LC/MS, we identified a total
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NEDD4-1/V

—150 kDa

ABCG1-myc __75kDa

NEDD4-1/V5

I Plasmid | pcDNA INEDD4-11 IgG control
DNA 341 V5
Ctrl Myc
| I
Input IP
B.
HUWE1/V5 —> 250 kDa
— 150 kDa
NEDD4-1/V5 —>
— 100 kDa

Plasmid
DNA

FIGURE 2. NEDD4-1/V5 and ABCG1-Myc co-IP. A, left: CHO-K1 cells stably
overexpressing ABCG1 were transfected with plasmid DNA encoding either
pcDNA3.1 as control or NEDD4-1/V5 as described under “Experimental Pro-
cedures.” Immunoblots show expression of NEDD4-1 (top; native (N) and
overexpressed (O) NEDD4-1 protein), ABCG1-Myc, and tubulin, respectively.
Right: IP of ABCG1-Myc-overexpressing cells, transfected with NEDD4-1/V5.
ABCG1-Myc band is only detected when cell lysate was IPed with anti-Myc
(Myc) antibodies and absent with anti-flag control antibody (Ctrl). Results are
representative of two independent experiments. B, CHO-K1 cells overex-
pressing ABCG1 were transiently transfected with HUWE1/V5 or NEDD4-1/V5
plasmids as described under “Experimental Procedures.” Cells were har-
vested and subjected to SDS-PAGE and Western blotting, and membranes
probed with V5 antibodies, detecting only the overexpressed proteins.

of 88 proteins that were associated with ABCG1, with the full
list of candidates presented in supplemental Table S1. Only 25
binding partners identified were exclusively associated with
one isoform of ABCG1, with the remainder associated with
both. Of specific interest was AKAP250, a protein kinase
A (PKA) anchoring protein, that was associated with
ABCG1(+12) but not ABCG1(—12). We have previous pub-
lished that ABCG1(+12) is phosphorylated by PKA at a serine
residue near the 12 amino acid region that is specific for
ABCG(+12) but absent from ABCG1(—12) (28). Finding that
only ABCG1(+12) is associated with this specific PKA anchor-
ing protein suggests the involvement of AKAP250 in this pro-
cess. However, further work is required to confirm this
observation.

Considering the findings that ABCG1 is ubiquitinated and
degraded by the ubiquitin proteasomal system (17, 18), a pro-
cess that involves the activity of E3 ligases, we specifically
looked for the presence of these proteins among the ABCG1
binding partners. We identified three HECT-domain E3 ligases
that were associated with both ABCGL1 isoforms (Fig. 1B),
namely HECTD1, HUWE1, and NEDD4-1. In humans and
rodents, two isoforms of NEDD4 are expressed, with the pep-
tide identified via LC/MS representing the equivalent of the
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A. B.
—
| 4- HUWE1T | s v — .
25
2 € 3
a 2 NEDD4-1 | s s
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0- P e
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NEDD4-1 | e s~ +
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NEDD4-1

FIGURE 3. SiRNA silencing of HUWE1 and NEDD4-1 increases ABCG1 protein expression. A, CHO-K1 cells overexpressing ABCG1 were transfected
with control siRNA, siRNAs for HUWE1 or NEDD4-1 individually, or both as described under “Experimental Procedures.” Cells were harvested and
proteins separated via SDS-PAGE followed by immunoblotting with the indicated antibodies. Immunoblots are representative of four independent
experiments with similar results. Bar graphs represent quantification of ABCG1 protein relative to tubulin, of four independent experiments (average *
S.E.), performed in duplicate cultures, with * indicating p < 0.05 compared with Control. B, CHO-K1 cells overexpressing ABCG1 were transfected with
alternate primers as described under A. Results are representative of two independent experiments. C, ABCG1 monomer as well as dimer after siRNA

treatment as described under A.

human NEDD4-1 isoform. Pilot experiments, silencing all three
E3 ligases listed in Fig. 1B, indicated that siRNA knockdown of
HUWE]1 and NEDD4-1, but not HECTD]1, increased ABCG1
protein levels, hence only NEDD4-1 and HUWE1 were investi-
gated further. Experiments were carried out with ABCG1(—12)
only as this isoform is more ubiquitously expressed (30).

NEDD4-1 Interacts with ABCGI—TFirstly, we aimed to con-
firm a direct interaction between ABCG1 and HUWELI and/or
NEDD4-1, using an alternate approach. CHO-KI1 cells stably
overexpressing ABCG1(—12)-Myc were transiently trans-
fected with overexpression plasmids for either NEDD4-1/V5 or
HUWEL1/VS5, followed by IP of ABCG1-Myc. We were able to
co-IP NEDD4-1 with ABCG1 (Fig. 2A), confirming the direct
interaction of these two proteins. However, we were unsuccess-
ful in our attempts to co-IP HUWE1/V5 with ABCG1 (data not
shown), most likely due to sensitivity issues. Fig. 2B indicates
that, although both plasmids were expressing HUWE1/V5 and
NEDD4-1/V5, respectively, expression of HUWE1/V5 was
much less compared with NEDD4-1/V5 as can be seen from the
V5 blot. This may have been caused by differences in the trans-
fection efficiency as the HUWELI gene and protein are signifi-
cantly larger than NEDD4-1 (480 kDa versus 120 kDa). In sum-
mary, we were able to confirm a direct interaction between
NEDD4-1 and ABCGL.

SiRNA Silencing of HUWE1 and NEDD4-1 Increases ABCG1
Protein Expression—To investigate whether HUWE1 and
NEDDA4-1 are involved in ABCG1 degradation, we performed
siRNA knockdown of both ligases individually and in combina-
tion in CHO-K1 cells stably overexpressing ABCG1(—12) (Fig.
3). Single knockdown of either HUWE1 or NEDD4-1, using two
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independent sets of siRNA primers (Fig. 3, A and B), modestly
increased ABCG1 protein levels, with effects from HUWEI1
silencing being greater than NEDD4-1 silencing. Importantly,
double knockdown of both HUWEL and NEDD4-1 signifi-
cantly increased ABCG1 protein levels ~3-fold and substan-
tially more than the individual knockdowns (Fig. 3, A and C),
suggesting that these two E3 ligases have an additive affect on
ABCG]1 protein expression. ABCA1 protein levels were also
measured, but were shown to be unaffected by silencing of
either of the two ligases (Fig. 3A).

We have previously shown that ABCG1 homodimerizes to
form an active transporter (3). Our SDS-PAGE shows a dimeric
form of the ABCG1 protein at twice the molecular weight as the
monomer (Fig. 3C). We determined the effect of HUWE1 and
NEDDA4-1 silencing on the presence of this ABCG1 dimeric
protein (Fig. 3C). Consistent with effects on the monomeric
form, silencing of HUWE1 and NEDD4-1 led to an increase in
ABCG1 dimer levels.

Overexpression of HUWEI and NEDD4-1 Promotes ABCG1
Degradation—To confirm that HUWE1 and NEDD4-1 are
indeed involved in the regulation of ABCG1 degradation, we
overexpressed exogenous HUWEL or NEDD4-1 together with
ABCG1(—12), followed by measurement of ABCGI. Fig. 44
shows that overexpression of either HUWE1 or NEDD4-1 led
to an approximate 2-fold increase in protein expression of the
E3s compared with those expressed endogenously. In addition,
overexpression of the ligases resulted in a significant reduction
in protein levels of the ABCG1 monomeric form (Fig. 4, A and
B), with effect of HUWELI overexpression more profound than
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FIGURE 4. HUWE1 and NEDD4-1 overexpression reduces ABCG1 protein levels. A, CHO-K1 cells overexpressing ABCG1 were transiently transfected with
either control (pcDNA3.1), HUWE1/V5 or NEDD4-1/V5 plasmids as described under “Experimental Procedures.” Cells were harvested and cell proteins sepa-
rated via SDS-PAGE followed by immunoblotting with the indicated antibodies, detecting the native and overexpressed proteins. Immunoblots are represen-
tative of two independent experiments. B, quantification of ABCG1 protein levels relative to tubulin. Results presented are mean = S.E. from two independent
experiments, both performed in duplicate, with * indicating p < 0.05 compared with pcDNA3.1. C,immunoblots showing the ABCG1 monomer as well as the

dimer.

NEDD4-1. Furthermore, the ABCG1 dimeric form was also
reduced by ligase overexpression (Fig. 4C).

SiRNA  Silencing of HUWEI and NEDD4-1 Enhances
ABCGI-mediated Cholesterol Export to HDL,—Next, we
examined the functional consequences of HUWEIL and
NEDD4-1 silencing on ABCGI1 transporter activity. HDL,
mediated cholesterol efflux was measured to evaluate efflux
activity of human ABCG1 overexpressed in CHOK-1 cells.
Basal cholesterol efflux to BSA was not affected after ligase
silencing (Fig. 5A). However, HDL, mediated cholesterol
export was increased modestly with individual ligase silencing
(Fig. 5, A and B). Knockdown of both ligases resulted in a sig-
nificant increase in cholesterol export, with levels approxi-
mately double those observed with the control siRNA treat-
ment (Fig. 5, A and B). This finding indicates that the increased
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ABCG]1 protein levels after ligase silencing translates to up-reg-
ulation of transporter activity. Furthermore, it implies that
these two E3s have a fundamental role in regulating ABCG1-
mediated cellular cholesterol export activity.

To assess whether cholesterol export was affected by ligase
modulation in cells that express endogenous ABCG1, we per-
formed siRNA silencing in THP-1 macrophages. SiRNA silenc-
ing of ligases was successfully achieved in these cells (Fig. 6A).
Although no measurable increase in total cellular ABCG1 pro-
tein levels could be observed (Fig. 6A4), HDL,-mediated choles-
terol export was significantly increased after silencing of both
ligases. Again, only modest increases were observed after indi-
vidual silencing of HUWE1 or NEDD4-1 (Fig. 6B). ABCA1 pro-
teins levels, as seen before in the CHOKI1 cells, were unaffected
by ligase silencing (Fig. 6A). Altogether, the significant increase
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FIGURE 5. SiRNA silencing of HUWE1 and NEDD4-1 enhances ABCG1
efflux activity in CHO-K1 cells overexpressing ABCG1.A, ABCG1-mediated
cholesterol efflux in CHO-K1 cells overexpressing ABCG1 after 6 h incubation
with either 0.1% BSA alone or with addition of HDL, (10 ug/ml) as described
under “Experimental Procedures.” Results are mean = S.E. of three indepen-
dent experiments, performed in triplicate cultures, with * indicating p < 0.05
compared with Control siRNA. B, ABCG1-mediated cholesterol efflux to HDL,,
expressed as fold change, relative to Control siRNA treatment. For each indi-
vidual experiment, efflux to BSA was subtracted. Results are mean = S.E. of
three independent experiments, performed in triplicate cultures, with * indi-
cating p < 0.05 compared with Control siRNA.

in cholesterol export to HDL, after ligase silencing may imply
that there is only a small but active pool of ABCG1 that is
affected by both of these ligases in macrophages.

SiRNA Silencing of HUWEI and NEDD4-1 Increases ABCG4
Protein Expression and Activity—CHO-K1 cells stably overex-
pressing ABCG4 were generated and treated with siRNAs tar-
geting HUWE1L and NEDD4-1. As for ABCG1, ABCG4 protein
levels were significantly increased after double knockdown of
both HUWE1 and NEDD4-1, with modest but significant
increases observed when individual ligases were silenced (Fig.
7A). Furthermore, cholesterol export from ABCG4 overex-
pressing cells to HDL, was modestly but significantly increased
after silencing of both ligases (Fig. 7B). The extent of protein
stabilization and effects on cholesterol export were less pro-
nounced than those seen for ABCGI1. Extending the siRNA
treatment time by another 24 h revealed a further stabilization
of ABCG4 protein (Fig. 8), hence we hypothesize that this may
be due to ABCG4 having a longer half-life than ABCG1. Col-
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FIGURE 6. SiRNA silencing of HUWE1 and NEDD4-1 enhances ABCG1
efflux activity in THP-1 macrophages. A, THP-1 macrophages were trans-
fected with control siRNA, siRNAs for HUWE1 or NEDD4-1 individually, or both
as described under “Experimental Procedures.” Cells were harvested and cell
proteins separated via SDS-PAGE followed by immunoblotting with the indi-
cated antibodies, detecting the native proteins. Inmunoblots are represen-
tative of 2 independent experiments. B, ABCG1-mediated cholesterol efflux
to HDL, (10 mg/ml) in THP-1 macrophages after 24 h as described under
“Experimental Procedures.” Values are expressed as fold change relative to
control siRNA and are mean = S.E. of three independent experiments per-
formed in triplicate cultures, with * indicating p < 0.05 compared with
Control.

lectively, these results indicate that HUWE1 and NEDD4-1 are
also involved in the post-translational regulation of ABCG4
protein levels and activity.

Discussion

It is becoming increasingly clear that the ubiquitin protea-
some system has a key role in the post-translational regulation
of various integral proteins involved in cellular cholesterol
homeostasis (reviewed in (31)). These include key enzymes
involved in the transcriptional regulation, synthesis, uptake and
ABC transporter-mediated export of cholesterol from cells (18,
31). However, the actual E3 ligases that control the last step
in the ubiquitination cascade have only been identified and
characterized for a limited number of these proteins. In the
present study, we have uncovered HUWE1 and NEDD4-1 as
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FIGURE 7. SiRNA silencing of HUWE1 and NEDD4-1 increases ABCG4
protein and activity. A, CHO-K1 cells stably overexpressing ABCG4 were
transfected with control siRNA, siRNAs for HUWE1, or NEDD4-1 individu-
ally, or both for a total of 48 h as described under “Experimental Proce-
dures.” Cells were harvested and cell proteins separated via SDS-PAGE
followed by immunoblotting with the indicated antibodies. Immunoblots
are representative of 4 independent experiments. Bar graphs represent
quantification of ABCG4 protein relative to tubulin, of four independent
experiments (average * S.E.), performed in duplicate cultures, with * indi-
cating p < 0.05 compared with Control. B, ABCG4-mediated cholesterol
efflux in CHO-K1 cells overexpressing ABCG4 after 6 h of incubation
with either 0.1% BSA alone or with addition of HDL, (10 ug/ml) as
described under “Experimental Procedures.” Results are mean = S.E. of
three independent experiments performed in triplicate cultures. Values
are expressed as fold change relative to control siRNA.

important enzymes in the regulation of ABCG1 and ABCG4
mediated export of cholesterol from cells. Our results show
that NEDD4-1 and HUWE1 modulate ABCG1 as well as
ABCG4 protein levels and cholesterol export activity. These
findings highlight a new molecular mechanism that regu-
lates these ABCG half-transporters at the post-translational
level, and identify ABCG1 and ABCG4 as novel candidate
substrates for the E3 ligases HUWEL and NEDD4-1.
Although a significant number of others targets of both
HUWEI1 and NEDD4-1 have been identified, neither of these
E3 ligases have been studied with regards to a role in ABC
transporter mediated sterol export in humans. However, it is
noteworthy that the yeast homologue of NEDD4 proteins,
Rsp5p, has been assigned a function in lipid homeostasis in
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yeast, including the regulation of enzymes involved in ergos-
terol synthesis (32).

Considering the roles of ABCG1 and ABCG#4 in cholesterol
homeostasis in various tissues, it is of interest to note the over-
lap between these and functions ascribed to NEDD4-1, which
has to date been characterized more extensively than HUWEL.
Nedd4 (the murine homologue of NEDD4-1) knock-out mice
display delayed embryonic development, greatly reduced
growth and abnormalities in neurons and cardiovascular devel-
opment (33). Hence, NEDD4-1 has been studied extensively
with respect to a role in various stages of neuronal growth
(reviewed in Ref. 34). More recently, the development of
heterozygous Nedd4 knock-out models has allowed for better
characterization of the role of Nedd4 in more mature animals.
Camera et al. confirmed its importance in neuronal develop-
ment by showing that Nedd4 heterozygous mice have abnor-
malities in gait, with greatest expression of Nedd4 in Purkinje
neurons of the cerebellum (35). It would be interesting to mea-
sure whether Nedd4 ablation in neuronal cells in these animals
coincides with overexpression of ABCG1 and ABCG4, which in
turn may cause disturbances in lipid homeostasis. More
recently, another study investigated insulin resistance and obe-
sity-related parameters in a heterozygous Nedd4 knock-out
mouse (36) and showed that glucose-stimulated insulin secre-
tion in these mice was significantly increased (36). Conversely,
in the ABCG1 '~ mouse model, insulin secretion from
ABCG1 /" islets was significantly reduced upon glucose chal-
lenge (8). One can speculate that the changes observed in the
Nedd4 heterozygotes may be associated with increases in
ABCGI transporter levels and activity. These observations
clearly warrant further investigation.

Apart from lipid transporters, the ABC transporter family
contains a significant number of drug transporters, including
its archetypical member ABCBL1 (also known as p-glycopro-
tein). This transporter was recently shown to be a substrate for
NEDD4-1 (37). The authors investigated ABCBL1 in the context
of its proposed role on the blood brain barrier, where it has been
hypothesized to be involved in the efflux of the 8-amyloid pep-

JOURNAL OF BIOLOGICAL CHEMISTRY 24611



E3 Ubiquitin Ligase Mediated Degradation of ABCG1 and ABCG4

tide in the context of Alzheimer disease (38). Overexpression of
NEDDA4-1 in cells expressing ABCB1 lead to reduced surface
expression of the ABC transporter (37), suggesting that
NEDD4-1 may be involved in the internalization and subse-
quent degradation of ABCB1. This may provide a mechanism
by which NEDD4-1 can affect ABC transporter activity, which
is currently being investigated in our laboratory with respect to
ABCG1 and ABCG4.

HUWEI (also known as UREB1, HECTH9, ARF-BPI1,
MULE, E3 Histone, and LASU1) is less well characterized than
NEDD4-1. HUWEL has been investigated previously with
regards to its regulation of a wide array of proteins with
important roles in cell stress response pathways and has
been reported to be overexpressed in multiple human
tumors (24, 39). Cell specific knockouts such as those in
B-lymphocytes delineate an important role for this ligase in
cell proliferation, apoptosis (by regulating p53 levels) and
B-cell homeostasis (40). There are no other ABC transporter
or lipid-associated targets identified for HUWEL or its ho-
mologous to date. Hence its role in cholesterol homeostasis
has thus far been unexplored.

Both HUWE1 and NEDD4-1 are members of the HECT-
domain subfamily of E3 ligases that has only 28 known mem-
bers, which are distinguished by the sequential manner in
which they transfer ubiquitin molecules to their target protein.
First, the ubiquitin-E2 conjugate binds to the HECT domain,
followed by the catalytic cys-residue unloading the ubiquitin
from the E2 by forming a ubiquitin-thioester intermediate.
After that, the ubiquitin is transferred to a specific lysine
residue of the target protein (19). To facilitate these steps,
HECT domain E3 ligases have been shown to associate with
their targets in two possible ways. Firstly, by binding of the
so-called WW-domain(s) of the E3 to a conserved proline-
rich PPXY or PY domain of the target protein. Second, as has
been shown for NEDD4 proteins, targets that do not contain
PPXY domains have been shown to require the recruitment
of interacting or adaptor proteins that contain such domains
(24, 41). Investigation of the protein sequence of ABCG1 and
ABCG4 shows that neither of these ABC transporters con-
tains proline-rich domains in cytosolic regions, hence poten-
tial adaptor proteins may be required for the E3 ligases to
interact with ABCG1 and ABCG4. As a precedent, another
key player in cholesterol homeostasis, namely HMG-CoA
reductase, is also regulated via ubiquitination and was shown
to make use of its regulatory proteins Insig-1 and -2 to
recruit specific E3 ligases when cellular cholesterol levels are
increased (42).

In conclusion, we have identified two HECT-domain E3
ligases that are involved in the regulation of protein levels and
activity of two ABCG-subfamily members that are important
players in the regulation of cholesterol homeostasis. Because of
HECT-domain E3 ligases being studied as potential anticancer
targets (39, 43), peptide and small molecular inhibitors for this
subfamily of ligases are being developed (44). These could
potentially be used to investigate whether up-regulation of
ABCG-mediated lipid export can result in an increase in lipid
removal from cells in vivo, and study potential effects on asso-
ciated disease states such as atherosclerosis.
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