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target proteins through a highly organized and hierarchical 
group of enzymes ( 2 ). Ubiquitin activating enzyme (E1) 
activates ubiquitin, forming a high-energy thioester bond 
between the C terminus of ubiquitin and E1. The activated 
ubiquitin is then transferred to a ubiquitin conjugating 
enzyme (E2). Following that, a large group of ubiquitin 
ligases (E3s) facilitate the transfer of ubiquitin from E2 to 
the lysine residues on the substrate proteins, either directly, 
or by forming an E3-ubiquitin intermediate ( 3 ). As there 
are seven lysine residues on ubiquitin, it is possible that 
during ubiquitination, new ubiquitin molecules could be 
added to one of the seven lysine residues of the previously 
conjugated ubiquitin ( 4 ). This process, called polyubiquit-
ination, is a common cellular signal. 

 Depending on the usage of the lysine residues on ubiq-
uitin, various linkage-specifi c ubiquitinations could happen. 
K48 and K63 linkage-specifi c ubiquitinations are the most 
predominant forms of polyubiquitination, accounting for 
52 and 38% of all ubiquitination events respectively, in 
HEK293 cells ( 5 ). Because ubiquitination via different 
lysine linkages would result in distinct conformations of 
ubiquitin and thereby restrict the accessible lysines ( 6, 7 ), 
alternate linkage in polyubiquitination is relatively rare, 
but has nonetheless been reported ( 8–10 ). 

 In recent years, the role of different linkage-specifi c 
polyubiquitinations has begun to be elucidated. A K48-
linked polyubiquitin chain has been shown to be suffi cient 
to target a model substrate to the 26S proteasome, and has 
been proved to be a principal proteasome delivery signal 
for multiple short-lived proteins in the cell ( 11, 12 ). In 
contrast to the proteolytic role of the K48-specifi c linkage, 
the K63-specifi c linkage has been demonstrated to regulate 
a variety of nonproteolytic cellular functions, including DNA 
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  Ubiquitination is one of the most universal posttransla-
tional protein modifi cations occurring in the cell ( 1 ). 
Ubiquitin, an evolutionarily highly conserved 76 amino 
acid polypeptide, is covalently attached to lysine residues of 
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degradation, and K63-specific linkages to trigger lyso-
somal degradation of the LDLR. Contrary to expecta-
tions, however, the degradation of neither IDOL nor the 
LDLR was exclusively mediated by K48- or K63-specifi c 
ubiquitination, strongly suggesting that either linkage 
can signal proteasomal and lysosomal degradation. We 
also found that ubiquitin conjugating enzyme E2 (UBE2)
N/V1, a heterodimeric ubiquitin E2 enzyme that spe-
cifi cally catalyzes K63-specifi c ubiquitin linkage, is not re-
quired for the ubiquitination and degradation of the 
LDLR. This study provides a test of the requirement of 
linkage-specifi c ubiquitination for lysosomal and protea-
somal protein degradation pathways in mammalian cells  . 

 MATERIALS AND METHODS 

 Reagents 
 The synthetic LXR ligand GW3965 was provided by T. Wilson 

(GlaxoSmithKline). MG132, tetracycline, bafi lomycin, and me-
valonic acid were purchased from Sigma-Aldrich. Simvastatin 
sodium salt was purchased from Calbiochem. 

 Plasmids and constructs 
 The pSA2-N-TAP plasmid that contains the 3xFLAG-Strep 

tag and the pcDNA-V5-DEST plasmid were kind gifts from Dr. 
E. Saez (Scripps Institute). pDONR221, pET300N-DEST, and 
pcDNA-DEST47 plasmids were purchased from Invitrogen. The 
DNA sequence of the human Idol gene was amplifi ed from a 
pcDNA-V5::hIdol construct as previously reported ( 28 ), and 
was then subcloned into pSA2-N-TAP plasmid. The IDOL C387A 
mutation for the pSA2-N-TAP::hIdol constructs was introduced 
by site-directed mutagenesis. The DNA sequence of the human 
Ldlr gene was amplifi ed from pCB6-hLdlr (a kind gift from 
Dr. K. Matter, University College London  , UK) with a prede-
signed primer encoding a V5 tag to the C terminus of the cod-
ing sequence of hLdlr. The DNA sequence of the tagged hLdlr 
was then subcloned into pcDNA-DEST47 using the Gateway 
technology (Invitrogen). For the GFP-tagged hLDLR, hLdlr was 
amplifi ed with the stop codon removed and was then subcloned 
into pcDNA-DEST47 using the Gateway technology. pcDNA3.1-
(HA-Ub) 6  was a kind gift from Dr. J. Wohlschlegel (University 
of California at Los Angeles). The K48R and K63R mutations 
for the pcDNA3.1-(HA-Ub) 6  construct were introduced by 
site-directed mutagenesis. The human E2 genes hUbe2d2, hU-
be2n, and hUbe2v1 were cloned from HEK293T cell cDNA 
and were then sequentially subcloned into pDONR221 and 
pET300N-DEST using the Gateway technology for  Escherichia 
coli  protein expression. In addition, the hUbe2d2 and hUbe2n 
genes in the pDONR221::hUbe2d2 and pDONR221::hUbe2n 
constructs were subcloned into pcDNA-V5-DEST plasmid using 
the Gateway technology. The UBE2D2 C85A and the UBE2N 
C87A mutations for the pcDNA-V5::hUbe2d2 and the pcDNA-
V5::hUbe2n constructs, respectively, were introduced by site-
directed mutagenesis. 

 Antibodies 
 Rabbit anti-hLDLR antibody was purchased from Cayman 

Chemicals. Rabbit anti-actin and mouse anti-FLAG M2 antibod-
ies were purchased from Sigma-Aldrich. Mouse anti-V5 antibody, 
HRP-conjugated goat anti-mouse IgG, and goat anti-rabbit IgG 
were purchased from Invitrogen. Rabbit anti-V5 antibody was 

damage repair ( 13 ), stress responses ( 14 ), and infl ammatory 
pathways ( 15 ). Importantly, K63-specifi c ubiquitination 
has also been shown to facilitate the endocytosis of mem-
brane proteins ( 16 ). In yeast strains in which the endoge-
nous ubiquitin was depleted either by eliminating all 
ubiquitin-coding genes ( 12, 13 ), or by mutating the genes 
essential for free ubiquitin recycling ( 17 ), defi nitive evidence 
has been obtained that K63-specifi c polyubiquitination is 
required for the endocytosis, the vacuole sorting, and 
the degradation of membrane proteins such as uracil per-
mease ( 18 ), Gap1p permease ( 19 ), and carboxypeptidase S 
( 20 ). Studies in mammalian cells suggest that K63-specifi c 
polyubiquitination is involved in various stages of the inter-
nalization, the lysosome sorting, and the degradation pro-
cesses of membrane proteins, including the epidermal 
growth factor receptor (EGFR) ( 21, 22 ), nerve growth factor 
receptor TrkA ( 23 ), major histocompatibility complex class I 
molecules ( 24 ), and the prolactin receptor ( 25 ). However, 
due to the technical diffi culty in eliminating endogenous 
ubiquitin genes in mammalian cells, direct evidence is still 
lacking whether the K63-specifi c ubiquitin linkage is an in-
dispensible element in the endocytosis and lysosomal deg-
radation of membrane proteins in mammalian cells. 

 We have demonstrated that under conditions of elevated 
intracellular cholesterol, the liver X receptor (LXR) induces 
the transcription of the E3 ubiquitin ligase inducible de-
grader of the LDL receptor (IDOL), which ubiquitinates 
and facilitates the degradation of the low-density lipopro-
tein receptor (LDLR) ( 26–28 ). Typical of an E3 ubiquitin 
ligase, IDOL also ubiquitinates itself and thereby promotes 
its own turnover. Interestingly, autodegradation of IDOL 
appears to occur through the proteasomal pathway, whereas 
IDOL-dependent degradation of the LDLR occurs via the 
lysosome ( 29   ). Indirect evidence has suggested that K63-
specifi c ubiquitination could be involved in the degrada-
tion of the LDLR ( 30 ). However, it has not been rigorously 
tested whether K48 or K63 linkage-specifi c ubiquitination 
is actually required for the ubiquitination and degrada-
tion of IDOL or the LDLR. 

 For most genes it is relatively straightforward to generate a 
stable knockdown cell and then replace a mutant version of 
the gene of interest with an expression vector. But there are 
four ubiquitin genes in mammals, and knocking them all 
down kills the cell. Thus, standard small inhibitory RNA 
(siRNA) knockdown studies are impractical. The only way to 
introduce mutant ubiquitins into a null background is to 
knockdown all 4 ubiquitin genes while simultaneously intro-
ducing the expression of a new ubiquitin molecule to keep 
the cells alive. Recently, a ubiquitin replacement strategy was 
developed in which a tetracycline-inducible RNA inhibition 
(RNAi) was used to replace the endogenous ubiquitin pro-
teins with ubiquitin mutants. This strategy was previously 
employed to determine the requirement for K63-specifi c 
ubiquitin chains in I � B kinase (IKK) activation by IL-1 �  ( 31 ). 

 Here we have employed the ubiquitin replacement 
strategy of Xu et al. ( 31 ) to determine the nature of the 
ubiquitin linkages involved in IDOL-dependent protein deg-
radation. We initially hypothesized that IDOL might em-
ploy K48-polyubiquitin chains to target itself for proteasomal 
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any difference in IDOL ubiquitination between cells trans-
fected with wild-type ubiquitin and cells transfected with 
either K48R or K63R mutant ubiquitin, as revealed by the 
HA tag ( Fig. 1A ). This result suggested that IDOL ubiquit-
ination does not depend exclusively on the K48 or K63 
linkage. 

 We also examined whether the ubiquitination of the 
LDLR was mediated exclusively by K48- or K63-specifi c 
linkages in this system. Because the degradation of the 
LDLR is lysosome dependent, we treated transfected cells 
prior to harvest with bafi lomycin to preserve ubiquitinated 
LDLR. This treatment resulted in the accumulation of the 
LDLR but had little effect on IDOL ( Fig. 1B ). As revealed 
by the HA tag, there was no discernible difference in LDLR 
ubiquitination between cells transfected with wild-type 
ubiquitin and cells transfected with either K48R or K63R 
mutant ubiquitin ( Fig. 1B ). This result suggested that, 
similar to IDOL autoubiquitination, the ubiquitination of 
the LDLR does not exclusively depend on K48- or K63-
linked ubiquitin. 

 Because the liver is an important organ contributing 
to cholesterol homeostasis, we next sought to investigate 
lysine-specifi c ubiquitination of IDOL and the LDLR in 
two different hepatocyte cell lines, Hep3B and HepG2. We 
transfected these two cell lines with IDOL and/or the 
LDLR, together with HA-tagged wild-type ubiquitin, or 
HA-tagged ubiquitin mutants harboring lysine to arginine 
mutations at the K48 or K63 residues. In both hepatocyte 
cell lines we readily observed the formation of polyubiq-
uitin chains from the transfected wild-type, K48R, and 
K63R ubiquitin on IDOL (  Fig. 2A  )  and the LDLR ( Fig. 2B ). 
The levels of IDOL and LDLR ubiquitination observed 
were similar between cells transfected with wild-type ubiq-
uitin and cells transfected with either K48R or K63R mutant 
ubiquitin. These results suggest that the ubiquitination 
of IDOL and the LDLR does not exclusively depend on 
K48- or K63-linked ubiquitin in hepatocytes. 

 Characterization of cells in which endogenous ubiquitin 
is replaced 

 To further investigate whether the ubiquitination and the 
degradation of IDOL and the LDLR are exclusively depen-
dent on K48- or K63-specifi c ubiquitin linkage, we made use 
of a previously described inducible ubiquitin replacement 
system ( 31 ). In this system, endogenous ubiquitin in stable 
U2OS cell lines is inducibly eliminated by shRNA (shUb) and 
replaced by exogenously expressed HA-tagged wild-type 
ubiquitin (shUb+WT) or ubiquitin mutants harboring 
point mutations on the K48 (shUb+K48R) or K63 residues 
(shUb+K63R  ). Both the shRNA and the replacement ubiq-
uitin are under the control of a tetracycline-activated pro-
moter. This system has been successfully utilized to 
differentiate the distinct ubiquitin linkages involved in IKK 
activation induced by tumor necrosis factor- �  versus IL-1 �  
( 31 ). We initially set out to validate the effi cacy of the system 
using antibodies recognizing K48- or K63-specifi c ubiquitina-
tion. After induction with tetracycline for 48 h, we found that 
although the formation of K48-specifi c ubiquitin linkages 
was intact in shUb+WT cells and shUb+K63R cells, it was 

purchased from Abcam. Rabbit anti-GFP antibody was purchased 
from Clontech. Mouse anti-HA antibody was purchased from 
Covance. All commercially available antibodies were used accord-
ing to the manufacturers’ instructions. 

 Cell culture and transfection 
 HEK293T cells and the engineered U2OS cells for ubiquitin 

replacement were maintained in DMEM (Invitrogen) supple-
mented with 10% fetal bovine serum (Omega), 2 mM  L -glutamine 
(Invitrogen), 50 U/ml penicillin (Invitrogen), and 50 µg/ml 
streptomycin (Invitrogen). Cells were grown in a humidifi ed incu-
bator at 37°C and 5% CO 2  atmosphere. HEK293T cells were 
transfected using FuGENE 6 reagents (Roche) according to the 
manufacturer’s instructions. 

 Generation and amplifi cation of adenoviral particles 
 Ad-mIdol particles were generated as previously described 

( 28 ). For the Ad-hLdlr-V5 particle, the DNA sequence of hLdlr 
was amplifi ed from pCB6-hLdlr with the stop codon removed. 
The hLdlr sequence was then subcloned sequentially into 
pDONR221 and pAd-CMV-V5-DEST (Invitrogen) with the Gate-
way technology. Viruses were amplifi ed, purifi ed, and titered by 
Viraquest. 

 In vitro ubiquitination assay 
 The in vitro IDOL autoubiquitination assay and LDLR ubiquit-

ination assay were carried out as previously described ( 29 ). 

 Immunoblotting 
 Proteins were resolved on 4–12% gradient SDS-PAGE (Invitro-

gen) using standard protocols. The protein was electropho-
retically transferred to nitrocellulose membranes (Amersham 
Biosciences) and blocked with milk solution (150 mM NaCl, 
20 mM Tris, 5% milk, 0.2% Tween, pH 7.5) to quench nonspe-
cifi c protein binding. The blocked membranes were probed 
sequentially with primary and secondary antibodies diluted in 
the milk solution, and the bands were visualized with the ECL kit 
(Amersham Biosciences). 

 RESULTS 

 IDOL and LDLR ubiquitination does not exclusively 
depend on K48- or K63-linked ubiquitin 

 To examine whether the ubiquitination of IDOL is me-
diated exclusively by K48- or K63-linked ubiquitin, we trans-
fected HEK293T cells with FLAG-tagged IDOL, together 
with either HA-tagged wild-type ubiquitin, or ubiquitin 
mutants harboring lysine to arginine mutations at the K48 
or K63 residues. We hypothesized that if the ubiquitina-
tion of IDOL was exclusively mediated by K48 or K63 
linkage, mutations on these residues would prevent the 
HA-tagged mutant ubiquitin from participating in the 
elongation of polyubiquitin chains, and therefore would 
reduce the ubiquitination revealed by the HA tag. As we 
previously reported, IDOL undergoes active autoubiquit-
ination and autodegradation ( 29 ). Therefore, in order to 
better demonstrate the ubiquitination of IDOL, we treated 
these transfected cells with proteasome inhibitor MG132 
prior to harvest. As expected, this treatment led to the ac-
cumulation of IDOL protein (  Fig. 1A  ).  We did not observe 
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 K48- and K63-specifi c ubiquitin linkages are dispensable 
in IDOL autoubiquitination and autodegradation 

 To explore the requirement for K48 and K63 ubiquit-
ination in the autoubiquitination and autodegradation 
of IDOL using this replacement system, we cultured the 
four lines of engineered U2OS cells (shUb, shUb+WT, 
shUb+K48R, and shUb+K63R) in the absence or presence 
of tetracycline for 48 h, then infected them with adenovirus-
encoding IDOL for 24 h. In all four cells lines grown in the 

markedly inhibited in shUb+K48R cells (  Fig. 3A  ).  Similarly, 
the formation of K63-specifi c ubiquitin linkages was inhib-
ited in shUb+K63R cells, but not in shUb+WT cells or 
shUb+K48R cells ( Fig. 3B ). In addition, consistent with previ-
ous work ( 31 ), shUb cells and shUb+K48R cells were viable 
for only 72 h, likely because the lack of K48-specifi c ubiquit-
ination is detrimental to vital cellular functions. In contrast, 
shUb+K63R cells were viable for 120 h, and shUb+WT cells 
are viable for a much longer period (data not shown). 

  Fig.   1.    The ubiquitination of IDOL and the LDLR does not exclusively depend on K48- or K63-linked 
ubiquitin in an overexpression system. A: HEK293T cells were cotransfected with FLAG-tagged IDOL and 
HA-tagged wild-type K48R or K63R ubiquitin. Cells were treated with 25  � M MG132 for 4 h before being 
lysed in RIPA buffer. Proteins in the lysates were analyzed by immunoprecipitation and immunoblotting. B: 
HEK293T cells were cotransfected with FLAG-tagged IDOL, V5-tagged LDLR, and HA-tagged wild-type 
K48R or K63R ubiquitin. Cells were treated with 50 nM bafi lomycin (Baf) for 4 h before being lysed in RIPA 
buffer. Proteins in the lysates were analyzed by immunoprecipitation and immunoblotting. IP, immunopre-
cipitation; WB, Western blotting  .   

  Fig.   2.  The ubiquitination of IDOL and the LDLR does not exclusively depend on K48- or K63-linked ubiquitin 
in hepatocyte cell lines. A: Hep3B and HepG2 cells were cotransfected with FLAG-tagged IDOL and HA-tagged 
wild-type K48R or K63R ubiquitin. Cells were treated with 25  � M MG132 for 4 h before lysis in RIPA buffer. 
Proteins in the lysates were analyzed by immunoprecipitation and immunoblotting. B: Hep3B and HepG2 cells 
were cotransfected with FLAG-tagged IDOL, V5-tagged LDLR, and HA-tagged wild-type K48R or K63R ubiquitin. 
Cells were treated with 50 nM bafi lomycin (Bafi l) for 4 h before lysis in RIPA buffer. Proteins in the lysates were 
analyzed by immunoprecipitation and immunoblotting. IP, immunoprecipitation; WB, Western blotting.   
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MG132. With MG132 treatment, there was no difference 
in the amounts of IDOL observed in the four cell lines, 
because ubiquitinated IDOL could not be degraded under 
this circumstance ( Fig. 4B ). We observed that in shUb+WT 
cells, IDOL was polyubiquitinated as expected with the 
replaced wild-type ubiquitin ( Fig. 4B ). Importantly, IDOL 
was also polyubiquitinated in shUb+K48R and shUb+K63R 
cells with the replaced mutant ubiquitin ( Fig. 4B ), indicat-
ing that the K48 and the K63 residues of ubiquitin are not 
required for the assembly of polyubiquitin chains on 
IDOL. 

 Furthermore, we sought to compare the overall ubiquit-
ination levels of IDOL before and after the endogenous 
ubiquitin was replaced. To this end, we treated U2OS cells 
growing in the absence or presence of tetracycline with 
MG132. Under these conditions, the autodegradation 
of IDOL was inhibited and ubiquitin conjugation to ex-
pressed IDOL could be directly revealed by an antibody 
against IDOL. We observed IDOL ubiquitination in all cell 
lines grown in the absence of tetracycline ( Fig. 4C ). In 
cells grown in the presence of tetracycline to replace en-
dogenous ubiquitin, we still observed similar levels of 
IDOL ubiquitination in shUb+WT, shUb+K48R, and 
shUb+K63R cells ( Fig. 4C ). There was no IDOL ubiquit-
ination in shUb cells grown in the presence of tetracycline, 
probably because the endogenous ubiquitin was depleted 
in these cells without any exogenous repletion ( Fig. 4C ). 
Because IDOL autodegradation was severely inhibited 
only in shUb cells, these results further confi rm the func-
tional connection between the ubiquitination and the deg-
radation of IDOL. Taken together, these results indicate 

absence of tetracycline, IDOL underwent active autodeg-
radation and did not accumulate (  Fig. 4A  ).  However, in 
cells growing in the presence of tetracycline, where ubiq-
uitin replacement took place, the autodegradation of 
IDOL was severely inhibited in shUb cells, as evidenced by 
the accumulation of IDOL. In contrast, we did not ob-
serve IDOL accumulation in shUb+WT, shUb+K48R, or 
shUb+K63R cells, indicating that the lack of the K48 or the 
K63 residues of ubiquitin did not prevent the autodegra-
dation of IDOL ( Fig. 4A ). 

 Meanwhile, we also examined IDOL autoubiquitina-
tion in these cells. In order to reveal the ubiquitination 
of IDOL, we treated the cells with proteasome inhibitor 

  Fig.   3.  Characterization of ubiquitin-replaced U2OS cells. Stably 
transfected U2OS cells (shUb+WT, shUb+K48R, and shUb+K63R) 
were cultured in the absence ( � ) or presence (+) of 1  � g/ml tetra-
cycline (Tet) for 72 h before lysis in RIPA buffer. Proteins in the 
lysates were immunoprecipitated with HA antibody and immunob-
lotted with antibodies specifi cally recognizing (A) K48-linked ubiq-
uitin and (B) K63-linked ubiquitin. IP, immunoprecipitation; WB, 
Western blotting.   

  Fig.   4.  K48- and K63-specifi c ubiquitin linkages are dispensable for IDOL autoubiquitination and autodeg-
radation. A: U2OS cell lines were cultured in the absence ( � ) or presence (+) of 1  � g/ml tetracycline (Tet) 
for 48 h before infection with adenovirus encoding IDOL. Cells were lysed in RIPA buffer for 24 h after the 
adenovirus infection. Proteins in the lysates were immunoblotted with an IDOL monoclonal antibody. B: 
U2OS cells were cultured in the presence of 1  � g/ml tetracycline for 48 h before infection with adenovirus 
encoding IDOL. Cells were lysed in RIPA buffer for 24 h after the adenovirus infection, with the last 4 h in 
the presence of 25  � M MG132. Proteins in the lysates were immunoprecipitated with an antibody-recogniz-
ing IDOL and immunoblotted with HA antibody. C: U2OS cells were cultured in the absence or presence of 
1  � g/ml tetracycline for 48 h before being infected with adenovirus encoding IDOL. Cells were lysed in 
RIPA buffer for 24 h after adenovirus infection, with the last 4 h in the presence of 25  � M MG132. Proteins 
in the lysates were immunoblotted for IDOL  . IP, immunoprecipitation; WB, Western blotting.   
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( Fig. 5A ), indicating that the lack of the K48 or the K63 
residues of ubiquitin did not inhibit IDOL-mediated LDLR 
degradation. Therefore, we conclude that the degradation 
of the LDLR by IDOL does not require the K48 or K63 
residues of ubiquitin. 

 In a parallel experiment, we treated U2OS cells grown 
in the absence or presence of tetracycline with IL-1 � . This 
treatment leads to the phosphorylation and degradation 
of I � B � , a process previously established to be dependent 
on K63-specifi c ubiquitination ( 31 ). We found that in all 
four cell lines grown in the absence of tetracycline, I � B �  
was degraded as soon as 15 min after the addition of IL-1 �  
( Fig. 5B ). In the presence of tetracycline, however, I � B �  
was still degraded in shUb+WT and shUb+K48R cells, 
but degradation was markedly inhibited in shUb and 
shUb+K63R cells ( Fig. 5B ). This fi nding is consistent with 
the requirement for K63-linked ubiquitin chains in the 
degradation of I � B � , and validates the ability of this sys-
tem to distinguish requirement for linkage-specifi c ubiq-
uitination in biological processes. 

 We also investigated the role of K48 and K63 ubiquitin 
linkages in the polyubiquitination of the LDLR. As the 

that the autoubiquitination and autodegradation of IDOL 
do not require the K48 or the K63 residues of ubiquitin, 
and therefore are not exclusively mediated by K48- or K63-
linked ubiquitin chains. 

 The ubiquitination and degradation of the LDLR do not 
require K48 or K63 ubiquitin 

 Next, we sought to determine to role of K48- and K63-
specifi c ubiquitin linkages in the ubiquitination and deg-
radation of the LDLR. We cultured U2OS cells in the 
absence or presence of tetracycline for 48 h then coin-
fected them with adenoviruses respectively encoding IDOL 
and the LDLR for another 24 h. In all four cells lines of 
cells grown in the absence of tetracycline, the LDLR was 
effi ciently degraded by IDOL (  Fig. 5A  ).  However, in cells 
grown in the presence of tetracycline, where the endoge-
nous ubiquitin was replaced, the degradation of the LDLR 
was moderately inhibited in shUb cells, compared with 
that in the cells growing in the absence of tetracycline. 
We did not observe any difference in LDLR degradation 
in shUb+WT, shUb+K48R, or shUb+K63R cells between 
the conditions of absence versus presence of tetracycline 

  Fig.   5.  The ubiquitination and degradation of the LDLR do not require K48- or K63-specifi c ubiquitin linkages. A: U2OS cell lines were 
cultured in the absence ( � ) or presence (+) of 1  � g/ml tetracycline (Tet) for 48 h before being infected with adenoviral vectors encoding 
LDLR and/or IDOL as indicated. Cells were lysed in RIPA buffer for 24 h after adenovirus infection. Proteins in the lysates were immuno-
blotted with the indicated antibodies. B: U2OS cell lines were cultured in the absence or presence of 1  � g/ml tetracycline for 72 h and 
treated with 10 ng/ml IL-1 �  for the indicated times before being lysed in RIPA buffer. Proteins in the lysates were analyzed by immunoblot-
ting. C: U2OS cells were cultured in the presence of 1  � g/ml tetracycline for 48 h before infections with adenoviral vectors encoding IDOL 
and V5-tagged LDLR. Cells were lysed in RIPA buffer for 24 h after the adenovirus infection, with the last 4 h in the presence of 50 nM 
bafi lomycin (Baf). Proteins in the lysates were immunoprecipitated with an antibody recognizing LDLR and immunoblotted with HA anti-
body. D: Upper panel: U2OS cell lines were cultured in the absence or presence of 1  � g/ml tetracycline for 96 h before coinfection with 
adenovirus encoding the LDLR and the indicated titers of adenovirus encoding IDOL. Cells were lysed in RIPA buffer for 24 h after adeno-
virus infection. Proteins in the lysates were immunoblotted with the indicated antibody. Lower panel: U2OS cells were cultured in the ab-
sence or presence of 1  � g/ml tetracycline for 120 h and treated with 10 ng/ml IL-1 �  for the indicated times before lysis in RIPA buffer. 
Proteins in the lysates were immunoblotted with the indicated antibody.   
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 UBE2D rather than UBE2N/V1 is the primary biological 
partner for IDOL-mediated ubiquitination and 
degradation 

 In a previous study we demonstrated that ubiquitin E2 
enzymes in the UBE2D family are capable of catalyzing 
IDOL-mediated ubiquitination and degradation of the 
LDLR ( 29 ). The UBE2N/V1 heterodimer mediates the 
assembly of K63-specifi c polyubiquitin chains ( 32, 33 ), 
which are believed to be involved in the internalization 
and degradation of multiple membrane proteins ( 21, 23–25 ). 
A recent report suggested that UBE2N/V1 may also be 
a biological partner for IDOL ( 30 ). Therefore, we sought 
to address whether IDOL-mediated ubiquitination and 
degradation of the LDLR could also be catalyzed by 
UBE2N/V1 in our system. We fi rst examined in in vitro 
ubiquitination assays whether UBE2N/V1 could catalyze 
the autoubiquitination of IDOL and the ubiquitination 
of the LDLR. In the autoubiquitination assay, we mixed 
IDOL immunoprecipitated from HEK293T cells stably ex-
pressing FLAG-tagged IDOL, and crude lysates from  E. coli  
expressing His-tagged UBE2 proteins, together with re-
combinant human UBE1, recombinant HA-tagged ubiq-
uitin, and the ATP-generating system. To ensure the validity 
of the comparison, same amounts of UBE2 proteins from 
the same batch of preparation, as determined by Coo-
massie blue staining (data not shown), were used in the 
assay. IDOL ubiquitination was then revealed by ubiquitin 
immunoprecipitation and IDOL immunoblotting. Consis-
tent with prior work ( 29 ), robust polyubiquitinated IDOL 
was detected in the presence of UBE2D2 (  Fig. 7A  ).  
We found that UBE2N/V1 was also capable of catalyzing 
the polyubiquitination of IDOL in this assay, although 
the activity was substantially lower than that of UBE2D2 
( Fig. 7A ). As expected, all UBE2 proteins failed to ubiquit-
inate an IDOL mutant harboring a cysteine mutation in 
the catalytic RING domain (C387A) in this assay ( Fig. 7A ). 

 We also assayed LDLR ubiquitination by expressing an 
LDLR-GFP fusion or GFP control in HEK293T cells and 
preparing membrane fractions by permeabilizing the 
plasma membrane and removing cytosolic proteins ( 34 ). 
We mixed the membrane preparation with tandem affi nity 
purifi ed IDOL, crude lysates from  E. coli  expressing His-
tagged UBE2 proteins, recombinant UBE1, recombinant 
HA-tagged ubiquitin, and the ATP-generating system. After 
the in vitro ubiquitination reaction, the membrane prepa-
ration was lysed and the LDLR was immunoprecipitated. 
The ubiquitination of the LDLR was then assayed by immuno-
blotting for ubiquitin. We found that a substantial amount 
of polyubiquitinated LDLR was formed in the presence of 
UBE2D2, whereas the formation of polyubiquitinated 
LDLR in the presence of the UBE2N/V1 heterodimer was 
barely detectable ( Fig. 7B ). In the presence of UBE2N or 
UBE2V1 alone, we could not detect any formation of poly-
ubiquitinated LDLR ( Fig. 6B ). 

 We further investigated the role of UBE2N/V1 in the 
ubiquitination and degradation of the LDLR using the 
RNA interference technique in transfected HEK293T 
cells. With the transfection of an siRNA targeting UBE2N, 
we were able to reduce the mRNA of UBE2N by 70% 

degradation of LDLR occurs via the lysosomal pathway, in 
order to preserve the ubiquitinated LDLR, we used the 
lysosomal inhibitor bafi lomycin to prevent ubiquitinated 
LDLR from being degraded. In the presence of tetracy-
cline, the levels of polyubiquitination of the LDLR in 
shUb+K48R and shUb+K63R cells were comparable to that 
in shUb+WT cells ( Fig. 5C ). This result demonstrates that 
the K48 and the K63 residues of ubiquitin are not required 
for the assembly of polyubiquitin chains on the LDLR. 

 Several recent studies have demonstrated important 
roles of K63-specifi c ubiquitination in the internalization 
and degradation of certain membrane proteins ( 21–25 ). 
Therefore, we sought to further confi rm whether the K63-
specifi c linkage is required for the ubiquitination and the 
degradation of the LDLR with more stringent experi-
ments. In contrast to shUb and shUb+K48R cells, which 
die within 72 h in the presence of tetracycline, shUb+WT 
and shUb+K63R cells survive for 120 h, allowing for a more 
thorough ubiquitin replacement. We cultured shUb+WT 
and shUb+K63R cells in the absence or presence of tetra-
cycline for 96 h then coinfected them with adenoviruses 
encoding IDOL and the LDLR for another 24 h. We found 
that in shUb+WT and shUb+K63R cells growing in the 
presence of tetracycline, the LDLR was still effi ciently de-
graded by IDOL ( Fig. 5D ). As expected, the degradation 
of I � B �  induced by IL-1 �  was inhibited in shUb+K63R 
cells, but not in shUb+WT cells, in the presence of tet-
reacycline ( Fig. 5D ). 

 We previously reported that the activation of LXR by 
the synthetic ligand GW3965 induces the expression of 
IDOL and consequently leads to the degradation of the 
LDLR. Therefore we sought to determine whether K63-
specifi c ubiquitination was required in this context. We 
cultured shUb+WT and shUb+K63R cells in the absence 
or presence of tetracycline for 108 h then treated them 
with GW3965 for 12 h. Remarkably, GW3965 treatment in-
duced the degradation of LDLR in both shUb+WT and 
shUb+K63R cells grown in the presence of tetracycline 
(  Fig. 6  ).  Taken together, these results further confi rm that 
the degradation of LDLR does not require K63-specifi c 
ubiquitination. 

  Fig.   6.  LDLR degradation induced by LXR activation does not 
require K48- or K63-specifi c ubiquitin linkage. U2OS cell lines 
were cultured in the absence ( � ) or presence (+) of 1  � g/ml tetra-
cycline (Tet) for 108 h. In the absence or presence of tetracycline, 
cells were treated with 5 µM simvastatin and 100 µM mevalonic 
acid, with or without 1µM GW3965 for 12 h. Cells were lysed in 
RIPA buffer and proteins in the lysates were immunoblotted with 
the indicated antibodies.   
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of IDOL and the LDLR are not dependent on the pres-
ence of the ubiquitin K48 or K63 residues. Therefore, con-
trary to our original expectation given the substantial 
literature suggesting specifi c roles for K48 and K63 link-
ages in proteasomal and lysosomal degradation respec-
tively, there is no requirement of either K48- or K63-specifi c 
ubiquitin chains for the ubiquitination and degradation of 
IDOL and the LDLR. We have also found that UBE2N/V1, 
a heterodimeric ubiquitin E2 enzyme that specifi cally cata-
lyzes K63-specifi c ubiquitin linkage, is not required for the 
ubiquitination and degradation of the LDLR. 

 The K48-linked polyubiquitin chain was fi rst character-
ized as a proteasome delivery signal for short-lived cytosolic 
proteins ( 11, 12 ). In our previous study, we demonstrated 
that the autodegradation of the E3 ubiquitin ligase IDOL 
was mediated by the proteasomal pathway ( 29 ). It was there-
fore surprising to us that K48-specifi c ubiquitination of 
IDOL is not required for its degradation. A possible expla-
nation for this discovery could be that the other ubiquitin 
linkages than K48 have partially redundant functions in 
proteasome-mediated protein degradation. In fact, it has 
been reported that other ubiquitin linkages can also be rec-
ognized by the proteasome ( 36 ). During mitosis, K11-linked 
ubiquitin chains bind proteasomal receptors and induce 
the degradation of cell cycle regulators ( 37–39 ). It is inter-
esting to note that K63-specifi c ubiquitination has been re-
ported to target proteasomal degradation of several proteins 
including Sic1, dihydrofolate reductase, cyclin B1, and tro-
ponin 1 ( 40–43 ), and therefore can serve as a competent 
proteolytic signal. In addition, the inhibition of the protea-
some by MG132 in mammalian cells causes an increase of 
both K48- and K63-linked ubiquitin chains ( 43 ), suggesting 
a functional role of K63-linked ubiquitin in proteasomal 
degradation. Our results clearly indicate that when K48-
specifi c ubiquitination is inhibited, it is possible for IDOL 
to use other ubiquitin linkages to carry out autoubiquitina-
tion and proteasome-dependent autodegradation. 

 In contrast to degradation of IDOL itself, the degrada-
tion of its primary biological target, the LDLR, occurs in 

(  Fig. 8A  )  in these cells. As a control, transfection of siRNA 
targeting IDOL reduced IDOL mRNA by about 50% 
( Fig. 8A ). In HEK293T cells cotransfected with IDOL and 
the LDLR, RNA interference of IDOL led to the inhibition 
of LDLR degradation, but RNA interference of UBE2N 
did not affect the degradation of the LDLR ( Fig. 8B ), sug-
gesting that the ubiquitination and the degradation of the 
LDLR in these cells was not dependent on the function 
the UBE2N/V1 heterodimer. 

 We previously demonstrated that overexpression of the 
dominant negative version of UBE2D2 (C85A) ( 35 ), a cog-
nate E2 enzyme for IDOL and the LDLR, could inhibit the 
degradation of the LDLR ( 29 ). In order to determine 
whether UBE2N/V1 was also a cognate E2 enzyme for 
IDOL and the LDLR, we examined whether the dominant 
negative version of UBE2N (C87A) could also inhibit 
LDLR degradation. Compared with its wild-type counter-
part, overexpression of the dominant negative version 
of UBE2D2 markedly inhibited the degradation of the 
LDLR. However, no inhibitory effect was observed when 
the dominant negative version of UBE2N was overexpressed 
( Fig. 8C ). Taken together, these results suggest that IDOL-
mediated ubiquitination and degradation of the LDLR are 
catalyzed primarily by UBE2Ds rather than by the UBE2N/
V1 heterodimer. This observation is consistent with the 
ability of UBE2D enzymes to catalyze the formation of 
both K48- and K63-linked ubiquitin chains. 

 DISCUSSION 

 The abundant expression of endogenous ubiquitin in 
mammalian cells has made it extremely diffi cult to study 
the requirement for linkage-specifi c ubiquitination in pro-
tein degradation and other cellular functions. In this study, 
we have overcome this problem by using an inducible 
RNAi strategy that replaces endogenous ubiquitin with 
ubiquitin mutants lacking the K48 or the K63 residue ( 31 ). 
We determined that the ubiquitination and degradation 

  Fig.   7.  UBE2N/V1 does not effi ciently couple with IDOL to ubiquitinate IDOL or the LDLR in vitro. A: 
Immunoprecipitated FLAG-tagged IDOL and IDOL C387A mutant were incubated with UBE1, HA-ubiq-
uitin, and the indicated UBE2 proteins. IDOL ubiquitination was detected by immunoblotting for FLAG-
tagged IDOL associated with HA-tagged ubiquitin. B: Membrane preparation of HEK293T cells expressing 
LDLR-GFP or GFP alone were incubated with UBE1, tandem affi nity purifi ed IDOL, HA-ubiquitin, and the 
indicated UBE2 proteins. LDLR was then immunoprecipitated with an anti-GFP antibody. The ubiquitina-
tion of LDLR was detected by immunoblotting for HA-tagged ubiquitin associated with the LDLR. IP, im-
munoprecipitation; WB, Western blotting.   
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ubiquitination facilitates endocytosis and lysosomal sort-
ing is not completely clear, but it has been suggested that 
the ubiquitin conformation in K63-linked chains pro-
vides better binding to a set of adaptor proteins that have 
ubiquitin binding domain, and that these adaptor pro-
teins could initiate clathrin-dependent and -independent 
endocytosis ( 46–48 ). In the case of the LDLR, it is not 
clear whether its endocytosis would require these adap-
tor proteins. In addition, due to the multiple lysine and 
cysteine residues within its cytoplasmic tail, it is possible 
that simultaneous non-K63-linked ubiquitination on these 
residues could already provide enough affi nity for adaptor 
binding. 

 Given the importance of the LDLR pathway in the liver, 
it will be of interest in the future to generate hepatocyte 
K48 and K63 ubiquitin replacement cell lines. It would 
be informative to have results from additional ubiquitin 
replacement cell lines expressing a double K48R/K63R 
ubiquitin mutant. Unfortunately, the generation of this 
reagent is exceedingly challenging. The only way to in-
troduce mutant ubiquitins into a null background is to 
knockdown all 4 ubiquitin genes while simultaneously in-
troducing the expression of a new ubiquitin molecule to 
keep the cells alive. It is very unlikely that a double K48R/
K63R ubiquitin mutant would be viable after induction of 
replacement. The K48 mutant cells begin to die 48 h after 
induction of replacement due to the critical role of K48 
linkages in protein degradation pathways. Double mutant 
cells would almost certainly die even sooner, making them 
impossible to study. 

 Overall, the lack of dependence on K48- or K63-specifi c 
ubiquitination in the degradation of IDOL and the LDLR 
is consistent with our previous fi nding that UBE2D is the 
cognate E2 in the ubiquitination of IDOL and the LDLR. 
UBE2D has been demonstrated to catalyze both K48- and 
K63-linked ubiquitin chains ( 41 ). In this context, it is not 
surprising that UBE2N/V1 is not required for the degrada-
tion of the LDLR, because UBE2N/V1 specifi cally catalyzes 
K63-specifi c ubiquitin linkage ( 32, 33 ). Although a previous 
report suggested a possible role for UBE2N/V1 in IDOL 
action, in our study we observed comparatively weak activity 
of this heterodimer on IDOL-dependent ubiquitination of 
either IDOL or the LDLR in vitro. We have also provided 
evidence in cultured cells that inactivation of UBE2N/V1 by 
either RNAi or dominant negative protein did not prevent 
the degradation of the LDLR. Therefore, UBE2N/V1 does 
not appear to be a major cognate E2 for the ubiquitination 
and degradation of the LDLR. 

 In summary, using the ubiquitin replacement strategy, we 
have systematically examined the requirement of K48- and 
K63-specifi c ubiquitin linkages in the ubiquitination and 
degradation of IDOL and the LDLR. Although we have 
demonstrated that these lysine-specifi c linkages are dispens-
able for both degradation pathways, the detailed function 
of ubiquitination in the degradation of IDOL and the LDLR 
remains to be elucidated in future studies.  

 The authors thank the members of the Tontonoz laboratory for 
helpful discussions. 

the lysosome. Lysosomal sorting of several membrane 
proteins for degradation has been shown to be depen-
dent on K63-specifi c ubiquitin linkage in yeast strains 
lacking endogenous ubiquitin ( 18–20 ). Although multi-
ple recent studies in mammalian cells have also suggested 
an important role of K63-linked ubiquitin in the endocy-
tosis and the lysosome sorting of membrane proteins 
( 21–25 ), it is still not clear whether the K63-specifi c ubiq-
uitination is indispensible for the lysosomal degradation 
of membrane proteins in a mammalian setting, because 
it has previously been diffi cult to effectively eliminate en-
dogenous ubiquitin in mammalian cells. In this study, we 
have shown that the K63-specifi c ubiquitin linkage is not 
required for the ubiquitination and lysosomal degrada-
tion of the LDLR in mammalian cells. It is important 
to point out that although K63-linked ubiquitin chains 
appear to facilitate the degradation of membrane pro-
teins, these proteins are not exclusively ubiquitinated via 
the K63-linkage. For example, interferon- � / �  receptor 1 
is polyubiquitinated via both K48- and K63-linked ubiq-
uitin chains ( 44 ). Similarly, human epidermal growth 
factor receptor 2, a member in the EGFR family, also 
possesses both K48- and K63-linked ubiquitin chains when 
endocytosed ( 45 ). The mechanism by which K63-specifi c 

  Fig.   8.  Inhibition of UBE2N/V1 expression and function does 
not prevent LDLR degradation. A: Quantitative PCR analysis of 
RNA samples collected from HEK293T cells tranfected with the 
indicated siRNAs. B: HEK293T cells were cotransfected with LDLR 
and IDOL, together with the indicated siRNAs. Cells were lysed in 
RIPA buffer and proteins in the lysates were immunoblotted with 
the indicated antibody. C: Immunoblot analysis of protein levels in 
HEK293T cells transfected with WT or dominant negative (DN) 
UBE2D2 or UBE2N, in addition to LDLR and IDOL  .   
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