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Summary
N-myc downstream-regulated gene 1 (NDRG1) mutations cause Charcot–Marie–Tooth disease type 4D (CMT4D). However, the
cellular function of NDRG1 and how it causes CMT4D are poorly understood. We report that NDRG1 silencing in epithelial cells results

in decreased uptake of low-density lipoprotein (LDL) due to reduced LDL receptor (LDLR) abundance at the plasma membrane. This is
accompanied by the accumulation of LDLR in enlarged EEA1-positive endosomes that contain numerous intraluminal vesicles and
sequester ceramide. Concomitantly, LDLR ubiquitylation is increased but its degradation is reduced and ESCRT (endosomal sorting

complex required for transport) proteins are downregulated. Co-depletion of IDOL (inducible degrader of the LDLR), which
ubiquitylates the LDLR and promotes its degradation, rescues plasma membrane LDLR levels and LDL uptake. In murine
oligodendrocytes, Ndrg1 silencing not only results in reduced LDL uptake but also in downregulation of the oligodendrocyte

differentiation factor Olig2. Both phenotypes are rescued by co-silencing of Idol, suggesting that ligand uptake through LDLR family
members controls oligodendrocyte differentiation. These findings identify NDRG1 as a novel regulator of multivesicular body formation
and endosomal LDLR trafficking. The deficiency of functional NDRG1 in CMT4D might impair lipid processing and differentiation of
myelinating cells.
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Introduction
Low-density lipoprotein (LDL)-cholesterol is internalized into cells

by clathrin-mediated endosytosis of the LDL receptor (LDLR) to

meet cellular cholesterol needs (Goldstein and Brown, 2009;

Ikonen, 2008). In endosomes, LDLR disassociates from LDL

particles because of the acidic pH and returns to the plasma

membrane (PM). Alternatively, recycling of the LDLR to the PM

can be prevented by proprotein convertase subtilisin/kexin type 9

(PCSK9) or by the E3 ubiquitin ligase, inducible degrader of the

LDLR (IDOL), which promotes ubiquitylation of the LDLR under

conditions of excess cellular sterols (Zelcer et al., 2009). The ability

of PCSK9 to alter LDLR levels is independent of, and additive with,

the IDOL pathway and does not require LDLR ubiquitylation

(Wang et al., 2012; Zhang et al., 2012). Ubiquitylation is an

established signal for controlling endocytosis and sorting of

membrane receptors, such as the LDLR, to multivesicular bodies

(MVBs) and further to lysosomes for degradation (Mukhopadhyay

and Riezman, 2007; Piper and Katzmann, 2007; Zelcer et al., 2009).

From early endosomes, LDL particles are transported to MVBs/late

endosomes (Goldstein and Brown, 2009) for the hydrolysis of LDL-

cholesterol esters to free cholesterol (FC) by acid lipase (Sugii et al.,

2003) and exit of cholesterol from the late endosomes by Niemann–

Pick type C1 and 2 (NPC1 and NPC2) proteins (Carstea et al., 1997;

Loftus et al., 1997).

Our interest in the possibility that N-myc downstream

regulated gene 1 (NDRG1) might be involved in cellular

cholesterol metabolism was initiated by Affymetrix gene

expression profiling of cholesterol loaded, NPC1-deficient

murine macrophages (Hölttä-Vuori et al., 2012). In this

experiment, we identified NDRG1 as one of the highly induced

genes in response to cholesterol loading (E. I., unpublished

observations). Interestingly, a genome-wide expression analysis

of NPC disease fibroblasts found that NDRG1 mRNA is also

elevated in these patient-derived cells (Reddy et al., 2006).

Moreover, in an RNAi screen focused on cellular lipid

phenotypes, NDRG1 was identified as a gene potentially

affecting cellular cholesterol levels (Bartz et al., 2009). Yet,

how NDRG1 affects cholesterol homeostasis remains unknown.

NDRG1 is widely expressed, with particularly high levels in

the nervous system (Lachat et al., 2002). It participates in diverse

cellular functions, such as differentiation (van Belzen et al.,

1997) and proliferation (Piquemal et al., 1999). NDRG1

expression is often altered in neoplasms, where it can act either

as a tumor promoter or suppressor (Bandyopadhyay et al., 2003;

Guan et al., 2000). In the demyelinating neuropathy Charcot-

Marie–Tooth disease 4D (CMT4D), the deficiency of functional

NDRG1 leads to autonomous dysfunction of Schwann cells, the

glial cells of the peripheral nervous system (PNS) (Kalaydjieva
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et al., 2000; Kalaydjieva et al., 1996). CMT4D can also be

accompanied by abnormalities of the central nervous system

(CNS) white matter (Echaniz-Laguna et al., 2007) and functional

CNS disturbances (Kalaydjieva et al., 1998).

Subcellularly, NDRG1 is mostly found in the cytoplasm

(Lachat et al., 2002) and in endosomes (Kachhap et al., 2007).

NDRG1 can interact with proteins involved in vesicular

trafficking, and was reported to regulate the recycling of E-

cadherin by acting as an effector protein for Rab4a (Kachhap

et al., 2007). NDRG1 also binds to prenylated Rab acceptor-1

(PRA1; also known as YIP3, RABAC1) (Hunter et al., 2005; Kim

et al., 2012; King et al., 2011), which can act as a GDI

displacement factor for endosomal Rab proteins, such as Rab4,

Rab5, Rab7 and Rab9 (Bucci et al., 1999; Sivars et al., 2003).

How these interactions contribute to the physiological function of

NDRG1 or to the consequences of NDRG1 deficiency are poorly

understood.

In this study, we describe a role for NDRG1 in cellular lipid

homeostasis and endocytic trafficking of the LDLR. Our data

further implicate NDRG1 as an important regulator of endosomal

maturation that is required for efficient uptake of LDL receptor

family members in both epithelial and glial cells.

Results
NDRG1 affects cellular cholesterol distribution and content

To assess whether the endosomal cholesterol content affects the

abundance of the NDRG1 protein, we treated epithelial A431

cells with the hydrophobic amine U18666A. This compound

induces lysosomal cholesterol accumulation, mimicking the loss

of NPC1 function (Ko et al., 2001). Treatment of A431 cells with

U18666A resulted in an approximately threefold increase in the

endogenous NDRG1 protein content, in line with the

upregulation of NDRG1 mRNA in NPC fibroblasts (Reddy

et al., 2006). Moreover, loading of cells with LDL-cholesterol led

to an approximately twofold increase in the NDRG1 protein

levels (Fig. 1A). These findings suggest a role for NDRG1 in

LDL-cholesterol trafficking.

To study whether NDRG1 affects cellular cholesterol

homeostasis, we silenced NDRG1 using small interfering

RNAs (siRNA) in A431 cells. NDRG1 knockdown (k/d) was

assessed by immunoblotting, showing consistently a ,90%

reduction (8967% s.e.m.) in NDRG1 protein amount

(supplementary material Fig. S1A,B). To examine cholesterol

distribution in NDRG1 k/d cells, the cells were stained with

filipin, a widely used fluorescent sterol-binding polyene

antibiotic. NDRG1 silencing resulted in the redistribution of

free cholesterol (FC) from the PM to perinuclear, punctate

structures (Fig. 1B). Biochemical lipid analysis revealed that

NDRG1 silencing was associated with a decreased cellular

cholesterol content. Specifically, while FC remained essentially

unchanged upon NDRG1 k/d, an approximately fourfold

reduction was observed in cholesterol esters (CE; Fig. 1C). No

major changes in cholesterol biosynthesis or efflux to

apolipoprotein A-I (apoA-I) were observed in NDRG1 k/d cells

(the ratio of values in NDRG1-silenced cells to control cells was

1.2660.11 and 1.2260.06, respectively). These data indicate that

NDRG1 depletion leads to an abnormal endosomal distribution of

FC. Furthermore, as cholesterol biosynthesis and efflux were not

substantially affected by NDRG1 k/d, the reduction in the CE

content could result from decreased cellular cholesterol uptake.

Decreased LDLR plasma membrane localization and
degradation leads to diminished LDL uptake in NDRG1 -
depleted cells

To test whether NDRG1 depletion affects LDL uptake, we

monitored the binding and internalization of 1,19-dioctadecyl-

3,3,39,39-tetramethyl-indocarbocyanine-perchlorate-labeled LDL

(DiI–LDL) in NDRG1 siRNA-transfected A431 cells. LDL

uptake was visualized by fluorescence microscopy and

quantified by measuring the fluorescence intensity in cell

lysates. These assays revealed that both the binding and

internalization of DiI–LDL were severely (up to ,50%)

diminished upon NDRG1 k/d (Fig. 2A; see also supplementary

material Fig. S1C). This phenotype could, in principle, result

from decreased LDLR levels. Unexpectedly, the total LDLR

protein content was found to be increased upon NDRG1 silencing

(Fig. 2B; see also supplementary material Fig. S1B).

Biotinylation of the PM pool of LDLR, revealed, however, a

clear decrease in the fraction of LDLR in the PM of NDRG1 k/d

cells (Fig. 2B). To follow the intracellular degradation of PM

LDLR, the biotinylated receptors were internalized for 0–

5 hours, pulled down by streptavidin beads, and detected with

an anti-LDLR antibody by immunoblotting. In control-siRNA-

treated cells, ,80% of the biotinylated LDLR was degraded in

5 hours. However, in NDRG1 k/d cells, degradation of the LDLR

Fig. 1. NDRG1 is regulated by endosomal cholesterol loading and its

depletion affects cholesterol distribution and amount. (A) U18666A or

LDL loading increases cellular NDRG1 protein content. A431 cells were

treated with U18666A (1 mg/ml) in 10% FBS for 48 hours or with LDL

(50 mg/ml) in serum-free medium for 18 hours, followed by western blotting

of NDRG1 and b-tubulin as a loading control. n54–6 samples; values are

means 6 s.e.m., *P,0.05 (Student’s t-test). (B) Cholesterol distribution is

affected by NDRG1 silencing in A431 cells. Cells were transfected with

control (CTRL) or NDRG1 siRNAs for 72 hours, fixed, and stained with

filipin. (C) Cholesterol ester (CE) content is decreased upon NDRG1 k/d.

After siRNA treatment of A431 cells, the lipids were extracted and analyzed

by TLC. Free cholesterol (FC) and CEs were quantified by densitometry.

Results of a representative (means 6 s.d.) of three independent experiments

with comparable results are shown. **P,0.001 (Student’s t-test).
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was severely attenuated with less than 40% of the receptor lost in

5 hours (Fig. 2C). Together, these results demonstrate that

NDRG1 is required for the proper PM localization of the

LDLR. The reduction of LDLR at the PM results in diminished

LDL-cholesterol uptake and is accompanied by retarded

degradation of the LDLR.

Silencing of NDRG1 or its interaction partner PRA1 leads

to endosomal LDLR sequestration

To define the intracellular localization of excess LDLRs in

NDRG1-silenced cells, LDLR was co-immunostained with

markers for early endosomes (endosomal antigen 1; EEA1) and

late endosomes/lysosomes (Lysosome-associated membrane

glycoprotein 1; LAMP1) and imaged by confocal microscopy.

In control cells, LDLR typically localized to small, punctate

EEA1-positive endosomes in the perinuclear region and to some

extent to LAMP1-positive late endosomes/lysosomes (Fig. 3A).

In NDRG1-silenced cells, enlarged endosomes and lysosomes

were more irregularly scattered in the cytoplasm. Strikingly, the

LDLR was largely sequestered in the abnormal EEA1-positive

endosomal vesicles (Fig. 3A). These structures also accumulated

FC, as detected by filipin staining (supplementary material Fig.

S2).

To investigate how NDRG1 deficiency results in the strikingly

altered endosome morphology, we considered the involvement of

the previously described NDRG1 interaction partners Rab4a and

PRA1 (Hunter et al., 2005; Kachhap et al., 2007; Kim et al.,

2012; King et al., 2011). Therefore, we tested the consequences

of Rab4a or PRA1 silencing on LDLR distribution by

immunostaining of A431 cells. We observed that the LDLR

phenotype of Rab4a depletion was not identical to that of

NDRG1 depletion, with the latter leading to larger intracellular

LDLR-positive accumulations (Fig. 3B). However, depletion of

PRA1 led to the appearance of enlarged early endosomes and late

endosomes (Fig. 3C) as well as to the accumulation of the LDLR

in these enlarged EEA1-positive endosomes, closely resembling

the LDLR phenotype of NDRG1 k/d cells. We then analyzed

whether NDRG1 silencing affects the levels of endogenous

PRA1 or endosomal Rab proteins in A431 cells. Remarkably, we

observed a significant decrease in the amount of endogenous

PRA1 protein, both by immunostaining and immunoblotting of

NDRG1 k/d cells (Fig. 4A; see also supplementary material Fig.

S3). In contrast, the levels of Rab4, 5 and 7 were not substantially

altered (supplementary material Fig. S4).

To address whether the reduced levels of PRA1 contribute to the

LDLR trafficking defect observed upon NDRG1 depletion, we

overexpressed PRA1 in NDRG1-depleted cells. After fixation, the

cells were immunostained for PRA1 and LDLR and assessed for

the degree of LDLR endosomal sequestration. pEGFP was

expressed as a control to evaluate the possible effect of

transfection on LDLR localization. In control cells

overexpressing GFP, LDLR showed a punctate staining

throughout the cytoplasm, whereas in NDRG1 k/d cells

overexpressing GFP, LDLR was abnormally sequestered as

expected (Fig. 4B). Importantly, overexpression of PRA1

partially rescued the LDLR phenotype in NDRG1-siRNA-treated

Fig. 2. NDRG1 depletion results in diminished LDL uptake, and

decreased PM localization and degradation of LDLR. (A) NDRG1

depletion decreases the binding and uptake of DiI–LDL. siRNA-

transfected A431 cells were incubated with 5 mg/ml DiI–LDL for

30 minutes at 4 C̊ (binding) or 20 minutes at 37 C̊ (uptake), and

imaged with a wide-field microscope immediately post-fixation.

Cellular fluorescence intensity was quantified from cell lysates, and

normalized to the protein amounts (right panel). Values are means 6

s.e.m, *P,0.05 (Student’s t-test). (B) Total LDLR is increased but the

PM fraction of LDLR is decreased in NDRG1 k/d cells. siRNA-

transfected A431 cells were subjected to cell-surface biotinylation and

streptavidin pull-down. LDLR amounts were analyzed by western

blotting and quantified by densitometry; Total, input protein; PM, pull-

down of biotinylated PM protein. Values are means 6 s.e.m. of three to

five experiments, *P,0.05 (Student’s t-test). (C) LDLR degradation is

slowed down in NDRG1-silenced cells. After surface biotinylation,

cells were incubated for the indicated times at 37 C̊ to allow

internalization and degradation of biotinylated LDLR, before analysis

as in B. Please note that PM LDLR levels at 0 hours were set as 1; in

CTRL-siRNA-treated samples there was an approximate twofold more

LDLR at the PM than in NDRG1-siRNA-treated samples. Values are

means 6 s.e.m. of three samples/condition from two independent

experiments.
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cells (Fig. 4B). These results demonstrate that NDRG1 deficiency

leads to an abnormal endosomal sequestration of the LDLR. They

also suggest that the reduced levels of PRA1 accompanying

NDRG1 deficiency might contribute to the aberrant endosomal

morphology and LDLR sequestration.

NDRG1 affects the morphology and function of

multivesicular bodies

The effect of NDRG1 silencing on the ultrastructure of

endosomal organelles was studied by electron microscopy

(EM). To this end, siRNA-transfected A431 cells were allowed

to internalize BSA-gold for 40 min to label the endosomes and

subsequently processed for EM. Both in the control- and

NDRG1-silenced cells, BSA-gold accumulated in vesicles with

MVB-like morphology (Fig. 5A). For quantification, we
measured the diameter of 60 MVBs from unlabeled siRNA-
treated EM samples and counted the number of intraluminal

vesicles in each. Compared with control cells, MVBs in NDRG1-
silenced cells were enlarged and contained approximately
threefold more intraluminal vesicles (Fig. 5A).

Because the formation of intraluminal vesicles destined for

lysosomal degradation requires endosomal sorting complex
required for transport (ESCRT) proteins (Raiborg and
Stenmark, 2009), we assessed the levels of the ESCRT

components in NDRG1-silenced cells by western blotting. The
immunoblots revealed a significant reduction in the amounts of
the tested ESCRT proteins, i.e. Hrs (ESCRT-0), TSG101
(ESCRT-I), Vps22 (ESCRT-II), Vps24 (ESCRT-III) and Vps32

(ESCRT-III) (Fig. 5B). In addition to ESCRTs, lipids might play
an important role in the membrane invagination step of MVB
formation. MVBs are abundant in sphingolipids, such as

sphingomyelin (SM) and ceramide, and the latter can induce
the formation of internal vesicles in liposomes and trigger
budding of exosome vesicles into multivesicular endosomes in

cells (Trajkovic et al., 2008). Interestingly, we found a significant
increase in the total ceramide levels of NDRG1 k/d cells
(Fig. 5C).

To test whether the increase in ceramide is due to its

accumulation in the enlarged MVBs, we incorporated a
fluorescent derivative of ceramide (BODIPY-labeled ceramide)
into LDL particles, and applied them to NDRG1-silenced cells.

The cells had been prelabeled overnight with the fluorescent
fluid-phase tracer dextran to visualize lysosomes. (Please note
that dextran distribution is altered upon NDRG1 depletion due to

the redistribution of late endocytic organelles; see supplementary
material Fig. S5.) As shown in Fig. 6A, after 1 hour of LDL
labeling BODIPY-labeled ceramide was already partially
colocalized with dextran in control cells. The extent of

colocalization increased until a 2-hour chase, after which it
decreased (Fig. 6A). However, in NDRG1 k/d cells, BODIPY-
labeled ceramide localized to a lesser extent with dextran after

1 hour of labeling and remained for a prolonged time in enlarged
dextran negative vesicular structures (Fig. 6A). This suggests that
the transport of ceramide through the endosomal pathway is

slower in NDRG1-depleted cells. To address the source of
increased endosomal ceramide, we internalized LDL particles
labeled with [3H]SM into cells. This revealed increased levels of

[3H]SM-derived [3H]ceramide in NDRG1-silenced cells,
providing evidence that at least part of the ceramide derives
from endosomal SM hydrolysis (Fig. 6B). Together, these
findings imply that NDRG1 function is required for proper

endosomal maturation. In NDRG1 deficiency, MVBs accumulate
increased numbers of intraluminal vesicles despite a marked
reduction of ESCRT components. Furthermore, the endosomal

retention of both fluorescent ceramide and increased LDL/
[3H]SM-derived [3H]ceramide suggests that the intraluminal
vesicles in NDRG1-depleted cells are ceramide enriched.

Prevention of IDOL-induced LDLR ubiquitylation rescues
LDLR distribution and cholesterol levels in NDRG1-
silenced cells

Ubiquitylation of membrane proteins can negatively regulate
their cell surface expression by targeting them to the MVBs and
for degradation (Staub and Rotin, 2006). Interestingly, silencing

Fig. 3. LDLR accumulates in modified enlarged endosomes upon

knockdown of NDRG1 or PRA1. (A) LDLR localizes in enlarged

endosomes in NDRG1-depleted cells. Confocal images of siRNA-transfected

A431 cells, immunostained for LDLR (red), EEA1 (green) and LAMP-1

(green). Scale bars:10 mm (Merge), 5 mm (Zoom). (B) Silencing of Rab4a

interferes with LDLR distribution in A431 cells but the phenotype differs

from that of NDRG1 silencing. Cells were permeabilized with filipin and

immunostained with LDLR antibody. Scale bars: 20 mm. (C) PRA1 silencing

leads to accumulation of LDLR in enlarged EEA1-positive endosomes.

Confocal images of PRA1 siRNA-transfected A431 cells, immunostained for

LDLR (red) and EEA1 (green) or LAMP1 (green). Scale bars: 10 mm.
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of NDRG1 enhanced the colocalization of the LDLR with

ubiquitin in enlarged endosomes (Fig. 7A). This suggests that the

abnormal endosomes in NDRG1-silenced cells can accumulate

ubiquitin and possibly also ubiquitylated LDLR despite reduced

ESCRT levels. To directly analyze whether NDRG1 silencing

affects the ubiquitylation status of the LDLR, we used HEK293T

cells. The cells were co-transfected with control or NDRG1

siRNAs and an expression plasmid encoding HA-tagged LDLR.

The cell lysates were immunoprecipitated with anti-HA beads,

followed by immunoblotting with an anti-ubiquitin antibody to

detect the ubiquitylated LDLR. As shown in Fig. 7B, depletion of

NDRG1 results in increased amounts of ubiquitylated LDLR.

Recently, the E3 ubiquitin ligase IDOL was identified as a

novel post-translational regulator of LDLR ubiquitylation (Hong

et al., 2010; Sorrentino and Zelcer, 2012; Zelcer et al., 2009). We

examined whether prevention of LDLR ubiquitylation by IDOL

Fig. 4. PRA1 is reduced in NDRG1-silenced cells and its

overexpression rescues LDLR distribution in these cells.

(A) NDRG1 silencing is accompanied by reduced amounts of

PRA1. Immunostaining (confocal images) and western blotting of

endogenous PRA1 in siRNA-transfected A431 cells. Values are

means 6 s.e.m. of two to three experiments with parallel samples;

*P,0.05 (Student’s t-test). Scale bars: 20 mm. (B) PRA1

overexpression (OE) rescues the LDLR accumulation phenotype

of NDRG1-silenced cells. PRA1 was overexpressed in NDRG1-

silenced A431 cells. Cells overexpressing PRA1 were detected

with anti-PRA1 antibody (green), and endogenous LDLR was

detected with anti-LDLR antibody (red). pEGFP was used as a

transfection control. The number of intracellular LDLR-positive

accumulations was quantified from confocal images, n570 cells/

sample; values are means 6 s.e.m., *P,0.05; **P,0.001

(Student’s t-test). Scale bars: 10 mm.

Fig. 5. NDRG1 affects MVB morphology and ESCRT levels.

(A) NDRG1 silencing results in enlarged MVBs with increased

number of intraluminal vesicles. Left: EM images of siRNA-

transfected A431 cells, labeled with BSA-gold for 40 minutes.

MVBs with ILVs are marked by an asterisk. MVB diameter and

the number of intraluminal vesicles (ILVs) were quantified from

60 MVBs of unlabeled EM samples. Values are means 6 s.e.m.,

**P,0.001 (Student’s t-test). Scale bars: 200 nm. (B) NDRG1

silencing results in the downregulation of ESCRTs. ESCRT

protein amounts relative to CTRL were analyzed by western

blotting of siRNA-transfected A431 cells. The representative

immunoblots are shown for each ESCRT protein. Values are

means 6 s.e.m. from two to five independent experiments,

*P,0.05, **P,0.001 (Student’s t-test). (C) Total ceramide

content is increased upon NDRG1 depletion in A431 cells. Total

cellular ceramide amounts were determined in siRNA-treated

A431 cells by HPTLC and densitometry. Values are means 6

s.e.m. of five samples/condition from two independent

experiments, *P,0.05 (Student’s t-test).
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the endosomal LDLR accumulation in NDRG1-depleted cells.

As expected, silencing of IDOL led to an increase in both

total and PM LDLR abundance (Fig. 7C). Remarkably,

depletion of IDOL in NDRG1 k/d cells was able to reverse

the decrease in LDLR PM levels (Fig. 7C). Furthermore,

under these conditions, depletion of IDOL alleviated the

endosomal sequestration of LDLR (Fig. 7D). We also

assessed the consequence of IDOL silencing on cellular

cholesterol stores. Silencing of IDOL resulted in increased

CES, whereas silencing of NDRG1 led to the opposite

outcome (Fig. 7E). Strikingly, when IDOL and NDRG1

were silenced simultaneously, the level of CEs was rescued

(Fig. 7E).

Fig. 6. Ceramide is enriched in enlarged MVBs in NDRG1

knockdown cells. (A) Altered BODIPY-labeled ceramide

(BPY-Cer) transport in NDRG1-silenced cells. Cells pre-

labeled with dextran were pulse-labeled with BPY-Cer/LDL for

1 hour and chased for 0–4 hours (images from 1 hour chase).

Colocalization of BPY-Cer (green) and dextran (red) was

analyzed using Pearson’s correlation coefficient at 0–4 hours of

chase. n53 confocal sections and .30 cells per time point;

values are means 6 s.e.m. (B) [3H]Ceramide accumulation

derives from endosomal SM hydrolysis in NDRG1-silenced

cells. [3H]SM incorporated into LDL particles was internalized

into A431 cells for 2 hours and the amounts of [3H]SM and

derived [3H]ceramide were analyzed by TLC. Values are means

6 s.e.m. of six samples/condition from two independent

experiments, *P,0.05 (Student’s t-test).

Fig. 7. LDLR ubiquitylation is increased in NDRG1-

silenced cells, and its prevention by IDOL depletion rescues

LDLR distribution and CE content. (A) LDLR colocalizes

with HA–Ub in NDRG1-depleted cells. A431 cells were

transfected with siRNAs and a plasmid encoding HA–Ub. HA–

Ub was immunostained with anti-HA antibodies (green) and

LDLR with anti-LDLR antibodies (red). Confocal microscopy

images are shown. Scale bars: 10 mm. (B) LDLR is heavily

ubiquitylated upon NDRG1 k/d. HEK293T cells were co-

transfected with LDLR-HA and siRNAs and immunoblotted as

indicated. LDLR–HA was immunoprecipitated from total cell

lysates using HA-beads and the ubiquitylated LDLR–HA was

detected with an anti-Ub antibody; a-tubulin was used as a

loading control. A representative immunoblot of three

independent experiments with comparable results is shown.

(C) IDOL k/d rescues the PM localization of LDLR in

NDRG1-silenced cells. siRNA-transfected A431 cells were

analyzed by surface biotinylation as in Fig. 2B. Values are

means 6 s.e.m. of two independent experiments; a

representative immunoblot is shown. (D) Depletion of IDOL in

NDRG1-silenced cells complements the endosomal LDLR

accumulation. siRNA-transfected A431 cells were

permeabilized with filipin, immunostained with anti-LDLR

antibody and imaged by confocal microscopy, using a 406
objective. Scale bars: 20 mm. (E) Depletion of IDOL in

NDRG1-silenced cells rescues cellular CE content. To

determine the CEs in siRNA-treated cells, lipids were

extracted, separated by TLC, and quantified by densitometry.

Values are means 6 s.e.m., *P,0.05 (Student’s t-test).
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Taken together, these results demonstrate that LDLR is

ubiquitylated in NDRG1-depleted cells and accumulates in

abnormal enlarged endosomes/MVBs. If LDLR ubiquitylation

in these cells is prevented, the receptor is not similarly

sequestered in endosomes but can apparently recycle to the PM

to rescue LDLR PM levels and LDL uptake. Accordingly, the

cholesterol content of NDRG1-depleted cells is rescued.

NDRG1-depletion reduces glial cell LDL uptake and

decreases the amount of Olig2 in an Idol-dependent

manner

NDRG1 is highly expressed in myelinating glial cells (Okuda et al.,

2008) and NDRG1 mutations cause CMT4D. The major CMT4D-

causing founder mutation of NDRG1 contains a premature

termination signal at residue 148 (R148X) (Kalaydjieva et al.,

2000). The Ndrg12/2 mice display a progressive demyelinating

disorder, providing evidence that NDRG1 deficiency accounts for

the disease (Okuda et al., 2004). Accordingly, we observed that

although the overexpression of WT NDRG1 rescued the LDLR

accumulation in NDRG1 k/d cells (supplementary material Fig.

S6), a construct of NDRG1 truncated at R148 was unstable and

was unable to rescue the phenotype (V. P. and E. I., unpublished

observations). These data suggest that the effects of NDRG1

silencing might mimic the effects of functional NDRG1 deficiency

in CMT4D.

We therefore studied the role of Ndrg1 in regulating LDL

uptake in murine Oli-neu cells, a widely used oligodendroglial

cell line generated by immortalization of mitotic oligodendrocyte

precursor cells by retroviral t-neu oncogene expression (Jung

et al., 1995). Silencing of Ndrg1 in Oli-neu cells (see

supplementary material Fig. S1D) reduced DiI–LDL binding

and uptake (Fig. 8A), analogously to our observations in A431

cells. In line with the effect of IDOL in other cell types, silencing

of Idol in Oli-neu cells resulted in an increase in both DiI–LDL

binding and uptake (Fig. 8A). Furthermore, depletion of Idol in

Ndrg1-silenced cells re-established DiI–LDL binding and uptake

to the level of control-siRNA-treated cells (Fig. 8A). These

results suggest that Ndrg1 and Idol are involved in LDL uptake in

oligodendrocytes and that these processes are interconnected.

Light microscopy revealed that control-siRNA-treated Oli-neu

cells exhibited outgrowths characteristic of oligodendrocytes,

whereas the Ndrg1-depleted cells had a distinct, spindle-shaped

morphology. To quantify the number of outgrowths, control and

Ndrg1-siRNA-treated cells were transfected with an expression

plasmid encoding a constitutively farnesylated GFP construct

(GFP-F). This construct localizes to the PM and enables

visualization of neurite outgrowths (Lalli and Hall, 2005). The

Ndrg1-depleted cells had fewer outgrowths per cell than control

cells (Fig. 8B). A possible explanation is that the silencing of

Ndrg1 affects the differentiation of Oli-neu cells. To test this

idea, we immunoblotted and immunostained siRNA-transfected

Oli-neu cells with an antibody against oligodendrocyte lineage

transcription factor 2 (Olig2). Olig2 is necessary for the genesis

of oligodendrocytes and is an important regulator of

oligodendrocyte differentiation and myelination (Ligon et al.,

2006). In Ndrg1-depleted cells Olig2 immunoreactivity was

significantly reduced (,50%, based on immunoblotting; Fig. 8C)

and the remaining Olig2 protein was largely cytoplasmic, in

contrast to control cells that showed a strong nuclear Olig2

localization (V.P. and E.I., unpublished observations).

Finally, we examined the potential connection of

oligodendrocyte differentiation and LDLR regulation by

analyzing Olig2 levels after Idol k/d. Depletion of Idol slightly

increased Olig2 protein levels. Importantly, Idol co-depletion in

Ndrg1-silenced cells was able to rescue the reduced Olig2 levels

(Fig. 8C). Cumulatively, these findings suggest that NDRG1 is

Fig. 8. Ndrg1 knockdown in murine oligodendrocytes results in

reduced LDL uptake and decreases the amount of Olig2. (A) DiI–

LDL binding and uptake are reduced in Ndrg1-silenced Oli-neu cells.

Cells were incubated with 2 mg/ml DiI–LDL for 20 minutes at 4 C̊

(binding) or for 30 minutes at 37 C̊ (uptake). Cells were imaged and

the fluorescence intensity per cell was quantified. Values are means 6

s.e.m. of two to four independent experiments (at least 900 cells

analyzed/condition); **P,0.001, *P,0.05 (Student’s t-test).

(B) Number of Oli-neu cell outgrowths is diminished upon Ndrg1 k/d.

A plasmid encoding GFP-F was transfected to siRNA-treated Oli-neu

cells to visualize and quantify outgrowths. Values are mean 6 s.e.m.,

50 cells/condition, **P,0.001 (Student’s t-test). (C) Ndrg1 silencing

leads to a reduction in the amount of Olig2 but co-depletion of Idol

complements the phenotype. Oli-neu cells were collected after

72 hours of siRNA transfection and Olig2 protein amounts were

analyzed by western blotting and quantified by densitometry. Values

are means 6 s.e.m. of four experiments, **P,0.001 (Student’s

t-test).
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important for oligodendrocyte cholesterol balance and
differentiation and that these actions might be mediated through
IDOL-sensitive LDLR family members (Hong et al., 2010).

Discussion
NDRG1 as a regulator of LDLR trafficking
When cells are in need of cholesterol, the endocytosed LDLR

normally recycles rapidly to the PM (Goldstein and Brown,
2009). We found that in NDRG1-depleted cells, the receptor was
reduced at the cell surface and accumulated in modified early

endosomes and MVBs. In parallel, the degradation of LDLR was
slowed down, contributing to an increase in the total cellular
LDLR. The decreased LDLR degradation is in agreement with

the fact that a functional MVB pathway is needed for lysosome
biogenesis and is essential for cargo degradation (Mukhopadhyay
and Riezman, 2007).

LDLR ubiquitylation by IDOL is known to act as a sorting
signal that directs the receptor for lysosomal degradation (Hong
et al., 2010; Zelcer et al., 2009). Our findings indicate that the

LDLR in NDRG1-depleted cells is heavily ubiquitylated,
suggesting that it is targeted for lysosomal degradation. We
propose that the LDLR must be ubiquitylated by IDOL in order

to be sequestered into the abnormal endosomal compartment
observed in NDRG1-deficient cells. In line with this, LDLR is
able to recycle to the PM in the simultaneous absence of IDOL
and NDRG1. This recycling LDLR is likely to utilize distinct

endosomal subpopulations or subdomains from those involved in
MVB formation and eventual cargo degradation. Indeed,
endosomes are known to exist in cargo-specific populations

(Lakadamyali et al., 2006) and cargo-specific signals can modify
the endosomal pathway (Miaczynska et al., 2004; van der Goot
and Gruenberg, 2006).

NDRG1 as a regulator of endosomal morphology and
function
The enlarged MVBs in NDRG1 k/d cells contained more
intraluminal vesicles, suggesting that the mechanism(s) of

intraluminal vesicle formation and/or turnover were altered
upon NDRG1 depletion. These atypical MVBs sequestered
recycling membrane proteins, such as the LDLR. Of note, they

also accumulate the transferrin receptor, E-cadherin (Kachhap
et al., 2007), and b1-integrin (V. P. and E. I., unpublished
observations). In addition, they accumulated lipids (free

cholesterol and ceramide) and ubiquitin, and were positive for
EEA1. The mechanisms by which the enlarged MVBs and
increased number of intraluminal vesicles are generated upon

NDRG1 k/d might involve several mechanisms. Based on earlier
studies and our observations these mechanisms could include:
(1) altered activity of endosomal Rab GTPases (Huotari and
Helenius, 2011); (2) downregulation of ESCRT complex

components (Stuffers et al., 2009); (3) increased cholesterol/
ceramide content in MVBs (Kobuna et al., 2010; Trajkovic et al.,
2008); (4) increased ubiquitylation of cargo (MacDonald et al.,

2012); and (5) decreased degradation of cargo (Huotari and
Helenius, 2011).

The biogenesis of the atypical MVBs in NDRG1 k/d cells was
accompanied by diminished amounts of PRA1 and ESCRT
complex components. Of PRA1, about two-thirds was depleted

upon NDRG1 silencing. PRA1 has been shown to interact with
NDRG1 and regulate several endosomal Rab GTPases, including
Rabs 4, 5, 7 and 9 (Bucci et al., 1999; Sivars et al., 2003), and to

affect the endosomal cholesterol content (Liu et al., 2011).

Moreover, we found that PRA1 overexpression alleviates the

LDLR redistribution in NDRG1-silenced cells. Therefore, the

shortage of PRA1 in NDRG1-silenced cells might alter the

delivery of Rab GTPases to endosomal membranes (Sivars et al.,

2003), thereby contributing to the disturbed endosomal

morphology and membrane transport.

Interestingly, our data indicate that MVB biogenesis and

endosomal concentration of ubiquitylated cargo can proceed in

NDRG1-depleted cells despite downregulation of ESCRT

proteins. Although ESCRT-independent mechanisms for MVB

formation have been proposed (Stuffers et al., 2009; Trajkovic

et al., 2008), the physiological regulators of this process remain

largely unknown. We suggest that in NDRG1-silenced cells, the

endosomal accumulation of ceramide (presumably deriving from

SM hydrolysis) triggers the formation of intraluminal vesicles.

As such, NDRG1 appears as the first protein to negatively

regulate the formation of ceramide-rich intraluminal vesicles. In

future studies, it will be important to elucidate in more detail how

NDRG1 could control this process.

NDRG1 and CMT4D

To extend our findings to a pathophysiologically relevant cell

model, we studied glial cells. We show that in rodent

oligodendrocytes, which normally exhibit strong Ndrg1

expression in the cytoplasm and processes (Berger et al., 2004;

Okuda et al., 2008), Ndrg1 deficiency results in reduced LDL

uptake. Importantly, this implies that the NDRG1 effect on LDL

uptake is not specific for a certain cell type or species. High

cholesterol availability is known to be required for myelin

membrane growth (Saher et al., 2005). In addition, studies in

other CMT neuropathies have emphasized the importance of

endocytic pathways in the formation of myelin (Lee et al., 2012;

Roberts et al., 2010; Sidiropoulos et al., 2012; Stendel et al.,

2010; Verhoeven et al., 2003), reinforcing a link between

NDRG1 function in endocytic trafficking and myelin formation/

maintenance.

NDRG1 might also affect oligodendrocyte differentiation, as

suggested by the lack of outgrowths and downregulation of Olig2

in Ndrg1-silenced oligodendrocytes. This agrees with the notion

that the NDRG1 transcript is strongly upregulated during

oligodendrocyte differentiation (Cahoy et al., 2008). We

describe for the first time that Idol is involved in the regulation

of lipid uptake in oligodendroglial cells. This finding is consistent

with a recent report showing that liver X receptors (LXRs) that

are transcriptional regulators of Idol expression control lipid

metabolism in this cell type (Nelissen et al., 2012).

Intriguingly, IDOL not only promotes the ubiquitylation of the

LDLR (Zelcer et al., 2009) but also two related receptors, the

ApoE receptor 2 (ApoER2) and very-low-density lipoprotein

receptor (VLDLR) (Hong et al., 2010), known to be expressed in

oligodendrocytes (Zhao et al., 2007). Indeed, a potential

explanation for the rescue of Olig2 levels by Idol depletion in

Ndrg1 k/d cells is that uptake of LDL, or other ligands of IDOL-

regulated receptors, is required to maintain Olig2 expression and

oligodendrocyte differentiation. Notably, both ApoER2 and

VLDLR have been shown to mediate Idol-sensitive Reelin

signaling (Hong et al., 2010), a pathway crucial for the proper

development of the nervous system. Moreover, Olig2-expressing

oligodendroglial precursor cells are absent in mice lacking
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megalin, another LDLR family member involved in the

endocytosis of multiple ligands (Wicher and Aldskogius, 2008).

In summary, this study identifies NDRG1 as a novel regulator

of MVB integrity and LDLR endosomal recycling. In the absence

of this protein, ubiquitylated LDLR accumulates in modified

early endosomes/MVBs that harbor increased amounts of

ceramide-rich intraluminal vesicles. Thus, NDRG1 emerges as

a critical protein that stimulates receptor recycling and limits the

number of intraluminal vesicles in MVBs. Exactly how NDRG1

co-operates with known regulators of this process, such as

ESCRT components and Rab GTPases, and how broadly NDRG1

regulates recycling membrane proteins, remain to be addressed.

Importantly, the regulatory function of NDRG1 in endosomal

dynamics appears to hold for several cell systems; therefore, it is

likely to be relevant for understanding the contribution of

NDRG1 both in neuropathy and in tumorigenesis.

Materials and Methods
Antibodies and other reagents

The following antibodies were used: NDRG1 (rabbit pAb; T. Commes, Universite
Montpellier, France), NDRG1 (rabbit pAb; Atlas Antibodies AB, Stockholm,

Sweden), LDLR (mAb C7, mouse hybridoma supernatant; Beisiegel et al., 1981;
immunostainings), LDLR (rabbit pAb, 20R-LR002, Fitzgerald Industries

International, Acton, Massachusetts, USA; immunostainings and western
blotting), LDLR (rabbit mAb, clone EP1553Y, Epitomics, Burlingame, CA,
USA; western blotting), LAMP1 (mAb H4A3, Developmental Studies Hybridoma

Bank, Iowa, Maryland, USA), EEA1 (mAb, BD Biosciences, San Jose, CA, USA),
PRA1 (mAb 2A4, Novus Biologicals, Littleton, Colorado, USA), TSG101 (mAb

4A10, GeneTex Inc., Irvine, CA, USA), ubiquitin (mAb FK2, BML-PW8810,
Enzo Life Sciences, Farmingdale, New York, USA), hemagglutinin (HA) (mAb,
Sigma-Aldrich, St. Louis, MO, USA), b-tubulin (mAb, T4026, Sigma-Aldrich), a-

tubulin (mAb, T9026/clone DM1A, Sigma) and Hrs, Vps22, Vps24 and Vps32
rabbit pAbs (H. Stenmark). U81666A [3b-(2-diethylaminoethoxy)androst-5-en-17-

one], HPLC-grade solvents, lovastatin, and silica gel 60 TLC plates were from
Merck (Darmstadt, Germany), [1,2-3H]cholesterol from Perkin Elmer (Waltham,

MA), [3H]acetic acid from GE Healthcare (Chalfont St. Giles, UK), dextran–
Alexa-Fluor-568 (10000MW) and DiI–LDL from Invitrogen-Life Technologies
(Carlsbad, California, USA), Effectene and Hiperfect from Qiagen (Germantown,

Maryland, USA), protease inhibitors (chymostatin, leupeptin, antipain and
pepstatin A), Triton X-100, filipin and mevalonic acid lactone (mevalonate)

from Sigma-Aldrich and diethyl ether and petroleum ether from J. T. Baker
(Avantor Performance Materials, Center Valley, Pennsylvania, USA). For electron
microscopy, glutaraldehyde and osmium tetroxide were purchased from Electron

Microscopical Sciences (Hatfield, Pennsylvania, USA) and sodium cacodylate and
potassium ferrocyanide were from Sigma-Aldrich. D-erythro-N-palmitoyl-

BODIPY-sphingosine (Ceramide-BDY) was prepared by N-acylation of
BODIPY–sphingosine, as described by Blom et al. (Blom et al., 2012). All cell
culture reagents, except poly-D-lysine (Sigma-Aldrich), were obtained from Gibco

Life Technologies (Invitrogen). Lipoprotein-deficient serum (LPDS) was prepared
as described previously (Jansen et al., 2008).

Plasmid and siRNA transfections

Human PRA1 cDNA (NM_006423.1) in pCMV6-XL5 was purchased from

Origene (Rockville, Maryland, USA). The LDLR-HA and HA-ubiquitin plasmids
have been previously described (Hong et al., 2010; Zelcer et al., 2009).

The following siRNAs were used: CTRL (Sigma-Aldrich; 59-CGUAC-
GCGGAAUACUUCGA-39), human NDRG1 (Stealth-modified, Invitrogen; 59-
CAUCGAGACUUUACAUGGCUCUGUU-39), mouse Ndrg1 (Qiagen FlexiTube,

target sequence 59-AACTCATTCCTGGAAACAAA-39), human IDOL (s26522,
Ambion Silencer Select, Invitrogen; 59-GACUUUAGCCCAAUUAAUATT-39),

mouse Idol-6 (Ambion Silencer Select, Invitrogen; target sequence 59-AA-
CATTAACCTTGGTAAGAAA-39), mouse Idol-9 (Ambion Silencer Select,
Invitrogen; target sequence 59-AGGGATCATCGAGGTTGATTA-39), Rab4a

(Qiagen validated, 59-AAUGCAGGAACUGGCAAAUCT-39) and PRA1 (Kim
et al., 2006) (Stealth-modified, Invitrogen, 59-GCGCCUGUUACAUUC-

UCUAUCUGCG-39). TSG101 and Hrs siRNAs have been previously described
(Bache et al., 2003; Garrus et al., 2001). cDNA transfections were performed with

Effectene and siRNA transfections in 10 nM final concentration with HiPerfect
according to the manufacturer’s instructions. To silence mouse Idol, two different
siRNAs (Idol-6 and 29) were used (total 10 nM final concentration). In co-

silencing experiments of two different genes, each siRNA was used at 10 nM. The
siRNA transfection time was 72 hours unless otherwise stated.

Cell culture and western blot analysis

A431 cells (epidermoid carcinoma cell line, American Type Culture Collection;
ATCC) and HEK293T cells (human embryonic kidney cells, ATCC) were cultured
in Dulbecco’s modified Eagle’s medium (D-MEM) supplemented with 10% fetal
bovine serum, 0.5 mM L-glutamine and 100 IU/ml penicillin, 100 mg/ml
streptomycin at 37 C̊ in a CO2-conditioned, humidified incubator. Oli-neu, an
immortalized oligodendrocyte precursor cell line (Jung et al., 1995) was cultured
in 1:1 D-MEM/HAM’s F12 with B27 supplement on poly-D-lysine (50 mg/ml)-
coated plastic. Cells were treated with U18666A (48 hours) in 10% FBS or loaded
with LDL (18 hours) in 5% LPDS. Cells were collected for western blotting by
adding 1% NP-40 including a protease inhibitor mixture (chymostatin, leupeptin,
antipain and pepstatin A; 25 mg/ml each; CLAP) in PBS. The protein amount was
determined by using a BioRad kit. Proteins were subjected to SDS-PAGE and
western blotting as described (Jansen et al., 2008). In some experiments, the
IRDye-conjugated secondary antibodies (IRDye 800CW-conjugated donkey anti-
rabbit and 680LT donkey anti-mouse, LI-COR, Superior St. Lincoln, Nebraska,
USA) were used prior to image capture with Odyssey Imager (LI-COR).
Immunoreactive bands were quantified using ImageJ software (National
Institutes of Health, Bethesda, Maryland, USA; NIH, http://rsbweb.nih.gov/ij/).

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde for 20 minutes at room temperature,
and permeabilized with 0.1% or 0.3% Triton X-100 for 5 minutes. For
visualization of free cholesterol, cells were stained with 0.05% filipin in 10%
FBS–PBS blocking solution for 30 minutes at 37 C̊. The immunostainings were
performed sequentially as described by Jansen et al. (Jansen et al., 2008). Images
were acquired with an Olympus AX70 epifluorescence microscope (Olympus,
Center Valley, Pennsylvania, USA) equipped with an Olympus DP71 CCD
camera, using 206or 406objectives. Confocal images were acquired with a Leica
TCS SP2 AOBS confocal microscope (Leica Microsystems, Wetzlar, Germany),
with 406 (NA51.25) or 606 (NA51.4) oil objectives.

Biochemical lipid analyses

siRNA-transfected A431 cells were collected in 0.2 N NaOH and lipids were
extracted as described previously (Bligh and Dyer, 1959). FC and CE were
resolved on TLC plates using hexane/diethyl ether/acetic acid (80:20:1) as the
mobile phase. Lipids were visualized by charring and quantified by ImageJ after
scanning. To measure cholesterol synthesis, cells were pulse-labeled in serum-free
medium with 20 mCi/ml [3H]acetic acid in six-well plates for 2 hours at 37 C̊,
chased for 2 hours in serum-free medium with 10 mM lovastatin and 2.5 mM
mevalonate, and analyzed as described previously (Heino et al., 2000). For
analysis of cholesterol efflux, [3H]cholesterol (2 mCi/ml) was added to A431 cells
24 hours after siRNA transfection, the cells were incubated for an additional
8 hours, and then for 16 hours in serum-free medium in the presence of ApoA-I
(10 mg/ml). The medium was collected, cells were scraped into ice-cold PBS,
harvested by centrifugation and resuspended in 0.2 N NaOH. The radioactivity in
medium and cells was measured by scintillation counting.

DiI–LDL binding and uptake

siRNA-transfected A431 and Oli-neu cells on coverslips were incubated with 5 mg/
ml (A431 cells) or 2 mg/ml (Oli-neu cells) of DiI–LDL for 30 minutes at 4 C̊
(binding) or 20–30 minutes at 37 C̊ (uptake) in serum-free medium prior to
fixation with 4% PFA and staining with DAPI for detection of the nuclei. The
samples were imaged with an Olympus AX70 microscope to quantify DiI–LDL
intensity. The total intensity obtained from background-substracted DiI–LDL
images was divided by the number of nuclei in the image to obtain an intensity-
per-cell value. Alternatively, cells were plated onto 48-well plates, transfected with
siRNAs and incubated with DiI–LDL as above. Cells were washed three times
with PBS prior to lysis into 200 ml of PBS–1% NP-40. The lysates were incubated
on ice for 10 minutes, and 150 ml aliquots were measured in a PheraStar
microplate reader (BMG Labtech, Ortenberg, Germany) with an ex540/em590
filter set. Fluorescence counts were normalized to total protein (determined from
10 ml aliquots).

Cell surface biotinylation and LDLR degradation

Cell surface biotinylation protocol was modified from Scotti et al. (Scotti et al.,
2011). Cells on 60 mm plates were rinsed twice with ice-cold PBS containing
0.02 mM CaCl2 and 0.15 mM MgCl2 (PBS+). Cell surface proteins were
biotinylated for 20 minutes with 0.5 mg/ml biotin (Sulfo-NHS-LC-Biotin;
Pierce/Thermo Fisher Scientific, Rockford, Illinois, USA) diluted in PBS+.
Unbound biotin was quenched by two incubations (5 minutes at 4 C̊) with PBS+
containing 0.1 M glycine and 0.3% BSA. The cells were washed with PBS+ and
lysed (10 minutes at 4 C̊) in 300 ml lysis buffer (0.2% SDS, 2% NP-40 in PBS,
supplemented with protease inhibitors). Lysates were collected and cleared by
centrifugation, and an aliquot (20 ml) was taken for immunoblotting with the LDL
receptor antibody (‘total’). Biotinylated proteins from the rest of the lysate
(250 ml) were precipitated with 50 ml streptavidin–agarose beads (Sigma-Aldrich)
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by rotation overnight at 4 C̊. The beads were washed three times in cold lysis
buffer and twice in PBS+. Biotinylated proteins were eluted from the beads by
boiling in 26 sample buffer, separated by SDS-PAGE, and transferred to
nitrocellulose for western blotting. Blots were quantified by densitometry using
ImageJ. To quantify LDLR degradation, the cell surface was biotinylated and
quenched as above. The cells were washed in PBS+ and chased for 0, 2, or 5 hours
in complete culture medium at 37 C̊, lysed, and the biotinylated proteins were
precipitated and LDLR amounts detected as described above.

Quantification of LDLR accumulation

Cells were transfected with control or NDRG1 siRNAs as described above and
with PRA1 or pEGFP cDNA 48 hours later. At day 3, cells were fixed with 4%
PFA and stained with anti-PRA1 and anti-LDLR antibodies. The number of
intracellular LDLR-positive accumulations was quantified from Leica confocal
images in ImageJ by counting the local maxima of the region of interest (ROI),
using the ‘Find maxima’ plugin filter of ImageJ (http://rsbweb.nih.gov/ij/
docs/menus/process.html). Cells expressing the transfected constructs (PRA1 or
GFP) were defined as ROIs, and maxima were scored as ‘LDLR-positive
accumulations’.

Electron microscopy

Cells were cultured on glass coverslips, fixed with 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer, post-fixed with 1% osmium tetroxide and 1.5%
potassium ferrocyanide and dehydrated. A plastic capsule filled with embedding
resin was inverted over the coverslip. After polymerization the coverslip was
removed and the cells were sectioned horizontally. MVBs were systematically
sampled to give a total of 60 MVBs from two individual experiments in each
group, and the diameter of MVBs and number of intraluminal vesicles in the plane
of sectioning were assessed in prints with a final magnification of 1450006. BSA–
16 nm colloidal gold complexes were prepared according to the method of
Griffiths (Griffiths, 1993). Cells were incubated with BSA–gold (OD52051) in
Hepes-buffered D-MEM for 40 minutes at 37 C̊, fixed and processed as described
above.

Ceramide quantification

Cells were washed with PBS and scraped into 800 ml of ice cold 2% NaCl.
Aliquots (5 ml) were removed for protein determination. Then, 3 ml CHCl3/
methanol (2:1) was added, the suspension was vortexed, 1 ml of CHCl3 and 1 ml
of H2O were added for phase separation, and the lower phase was collected. Lipid
extracts were dried under a stream of nitrogen, lipids were re-dissolved in CHCl3/
methanol (2:1), and resolved with known standards on HPTLC plates with
CHCl3:acetic acid (9:1) as the mobile phase. HPTLC plates were dried, dipped in
3% CuSO4/8% H3PO4, and the ceramide bands were visualized by charring with
H2SO4 in ethanol at 180 C̊.

Metabolism of LDL-derived [3H]SM cells was measured as previously
described (Blom et al., 2012). In brief, cells were serum-starved overnight and
then incubated with 50 mg/ml [3H]SM/LDL for 2 hours. Cellular lipids were
extracted and separated on HPTLC. Bands corresponding to lipid standards were
scraped and measured by scintillation counting.

BODIPY-Cer trafficking

LDL particles were labeled with BODIPY-Cer according to (Blom et al., 2012).
Cells were labeled overnight with Alexa-Fluor-568–dextran in medium containing
5% LPDS, incubated for an additional 2 hours in the absence of dextran (to chase
dextran to lysosomes) and then labeled with 50 mg/ml BODIPY–Cer/LDL for
1 hours. The cells were washed and imaged by confocal microscopy at 37 C̊ for
4 hours. Colocalization of BODIPY-labeled ceramide and dextran was quantified
using Pearson’s correlation coefficient.

Immunoprecipitation of ubiquitylated proteins

Immunoprecipitation of HA-tagged proteins was performed as previously
described (Zelcer et al., 2009). Briefly, equal amounts of protein in the cleared
lysates were incubated with EZviewTM red anti-HA affinity beads (Sigma-Aldrich)
for 16 hours. Subsequently, beads were washed 46 with RIPA buffer. All
incubations and washes were performed at 4 C̊ with rotation. Proteins were eluted
from the beads by boiling in 16 protein sample buffer for 5 minutes prior to
western blotting and quantification.
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Tsg101 and the vacuolar protein sorting pathway are essential for HIV-1 budding.

Cell 107, 55-65.

Goldstein, J. L. and Brown, M. S. (2009). The LDL receptor. Arterioscler. Thromb.

Vasc. Biol. 29, 431-438.

Griffiths, G. (1993). Fine Structure Immunohistochemistry. Berlin: Springer-Verlag.

Guan, R. J., Ford, H. L., Fu, Y., Li, Y., Shaw, L. M. and Pardee, A. B. (2000). Drg-1

as a differentiation-related, putative metastatic suppressor gene in human colon

cancer. Cancer Res. 60, 749-755.

Journal of Cell Science 126 (17)3970

http://rsbweb.nih.gov/ij/docs/menus/process.html
http://rsbweb.nih.gov/ij/docs/menus/process.html
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.128132/-/DC1
http://dx.doi.org/10.1074/jbc.M210843200
http://dx.doi.org/10.1074/jbc.M210843200
http://dx.doi.org/10.1074/jbc.M210843200
http://dx.doi.org/10.1016/j.cmet.2009.05.009
http://dx.doi.org/10.1016/j.cmet.2009.05.009
http://dx.doi.org/10.1016/j.cmet.2009.05.009
http://dx.doi.org/10.1016/j.nbd.2004.07.014
http://dx.doi.org/10.1016/j.nbd.2004.07.014
http://dx.doi.org/10.1016/j.nbd.2004.07.014
http://dx.doi.org/10.1016/j.nbd.2004.07.014
http://dx.doi.org/10.1139/o59-099
http://dx.doi.org/10.1139/o59-099
http://dx.doi.org/10.1111/j.1600-0854.2012.01379.x
http://dx.doi.org/10.1111/j.1600-0854.2012.01379.x
http://dx.doi.org/10.1111/j.1600-0854.2012.01379.x
http://dx.doi.org/10.1006/bbrc.1999.0651
http://dx.doi.org/10.1006/bbrc.1999.0651
http://dx.doi.org/10.1006/bbrc.1999.0651
http://dx.doi.org/10.1523/JNEUROSCI.4178-07.2008
http://dx.doi.org/10.1523/JNEUROSCI.4178-07.2008
http://dx.doi.org/10.1523/JNEUROSCI.4178-07.2008
http://dx.doi.org/10.1523/JNEUROSCI.4178-07.2008
http://dx.doi.org/10.1126/science.277.5323.228
http://dx.doi.org/10.1126/science.277.5323.228
http://dx.doi.org/10.1126/science.277.5323.228
http://dx.doi.org/10.1126/science.277.5323.228
http://dx.doi.org/10.1016/j.nmd.2006.10.002
http://dx.doi.org/10.1016/j.nmd.2006.10.002
http://dx.doi.org/10.1016/j.nmd.2006.10.002
http://dx.doi.org/10.1016/S0092-8674(01)00506-2
http://dx.doi.org/10.1016/S0092-8674(01)00506-2
http://dx.doi.org/10.1016/S0092-8674(01)00506-2
http://dx.doi.org/10.1016/S0092-8674(01)00506-2
http://dx.doi.org/10.1161/ATVBAHA.108.179564
http://dx.doi.org/10.1161/ATVBAHA.108.179564


J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

Heino, S., Lusa, S., Somerharju, P., Ehnholm, C., Olkkonen, V. M. and Ikonen, E.
(2000). Dissecting the role of the golgi complex and lipid rafts in biosynthetic
transport of cholesterol to the cell surface. Proc. Natl. Acad. Sci. USA 97, 8375-8380.
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