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Abstract
Endocytic transport is critical for the subcellular distribution of free cholesterol and the endocytic
recycling compartment (ERC) is an important organelle that stores cholesterol and regulates its
trafficking. The C-terminal EHD protein, EHD1, controls receptor recycling through the ERC and
affects free cholesterol distribution in the cell. We utilized embryonic fibroblasts from EHD1
knockout mice (Ehd1-/-MEF) and SiRNA in normal MEF cells to assess the role of EHD1 in
intracellular transport of cholesterol. Surprisingly, Ehd1-/-MEFs displayed reduced levels of
esterified and free cholesterol, which returned to normal level upon re-introduction of wild-type, but
not dysfunctional EHD1. Moreover, triglyceride and cholesterol storage organelles known as ‘lipid
droplets’ were smaller in size in cells lacking EHD1, indicating that less esterified cholesterol and
triglycerides were being stored. Decreased cellular cholesterol and reduced lipid droplet size in
Ehd1-/-MEFs correlated with ineffectual cholesterol uptake via LDL receptor, suggesting
involvement of EHD1 in LDL receptor internalization.
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Introduction
Since LDL receptor-mediated internalization of LDL-bound cholesterol is a major source of
cellular cholesterol in non-adipose cells, the endocytic transport of this sterol plays a key role
in defining its subcellular distribution. Free cholesterol can access the endocytic pathway from:
(1) internalized LDL particles, (2) cholesterol internalized along with components of the
plasma membrane, (3) hydrolysis of esterified LDL-derived cholesterol in either early or late
endosomes [1], (4) hydrolysis of esterified cholesterol stored in lipid droplets. While LDL
receptors are generally recycled back to the plasma membrane via the endocytic recycling
compartment, cholesterol can either be transported to the plasma membrane via this route, or
be shuttled to late endosomes/lysosomes and packaged in storage organelles called lipid
droplets [2] following esterification in the ER [3,4]. Lipid droplets exist in adipose and
steroidogenic cells, but are also present in most other mammalian cells [5,6]. These smaller
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non-adipose/non-steroidogenic lipid droplets not only contain packaged triglycerides and
esterified cholesterol, but also free cholesterol on the surface layer of the droplets [7]. Esterified
cholesterol in lipid droplets can also undergo hydrolysis by cholesterol esterase, rendering free
cholesterol that can be effluxed and transported to various cellular membranes [8]. Recent
studies have determined that much of the free cholesterol within the endocytic pathway resides
in the tubulo-vesicular endocytic recycling compartment [9,10], which has also been defined
as a major sterol storage organelle [11]. Moreover, overexpression of Rab11, a key GTPase
involved in the regulation of recycling from the ERC, caused the accumulation of cholesterol
in this compartment and inhibited cholesterol esterification [12]. Recently, a number of studies
have begun to focus on the role of the C-terminal EHD proteins in endocytic transport and
recycling (reviewed in [13]). In particular, the ubiquitously expressed EHD1 [14] has been
found to play a critical role in the recycling of plasma membrane receptors (ie., transferrin)
that are internalized either through clathrin-coated pits [15-17], or independently of clathrin
(MHC-I or β1 integrins) [18,19]. C-terminal EHD proteins contain a nucleotide-binding motif,
a central coiled-coil involved in oligomerization [20,21], and a conserved C-terminal EH-
domain that binds to a series of proteins that contain the tripeptide asparagine-proline-
phenylalanine (NPF). Recently, we have also demonstrated an interaction between EHD1 and
the Rab11 effector protein, Rab11-FIP2, suggesting that EHD1 regulates the transport of
Rab11-FIP2- and Rab11-containing vesicles [21]. In addition, studies in CHO cells using a
‘dominant-negative’ EHD1 mutant (G429R) have demonstrated delays in the recycling of both
transferrin and dehydroergosterol, a naturally occurring sterol with a chemical structure highly
similar to cholesterol [11]. Since the ERC has been described as an important station for
cholesterol in the endocytic pathway [11], and since Rab11 participates in the transport of
cholesterol through this organelle [12], we sought to determine the role of EHD1 on cellular
cholesterol homeostasis at steady-state.

Materials and Methods
Cell culture

Mouse Embryonic Fibroblast (MEF) cells derived from EHD1 knockout mice (Ehd1-/-MEF)
or their normal counterparts (Ehd1+/+MEF) have been previously described [17]. MEF and
HeLa cells were maintained in DMEM (high glucose) supplemented with 10% fetal bovine
serum, 100 μg/ml streptomycin, 100 U/ml penicillin and 2 mM L-glutamine at 5% CO2

Gene knockdown by RNA interference (RNAi) and transient transfection
Oligonucleotide duplexes targeting mouse-EHD1 (synthesized by Dharmacon, Lafeyette, CO),
were transfected into Ehd1+/+MEF cells using Oligofectamine (Invitrogen) for 72 h essentially
as described [16]. Efficacy of mouse EHD1-RNAi was confirmed by immunoblotting
transfected and control cell lysates with affinity-purified rabbit polyclonal antibodies specific
for EHD1. The EHD1-specific oligonucleotide sequence
(AAGACATCCAGTCTCTGCCGA) (base-pairs 921-942) has no significant overlap with
other mouse genes, including those that code for the other C-terminal EHD proteins.

Antibodies and reagents
Polyclonal rabbit anti-EHD1, EHD2 and EHD4 peptide antibodies were raised against a
sequence of amino acids found exclusively in the corresponding EHD protein. Rabbit anti-
EHD1 was described previously [21]. Rabbit anti-p44-MAPK/Erk1 and p42-MAPK/Erk2
were from Cell Signaling Technology, Inc. (Danvers, MA), guinea pig anti-ADRP from
Fitzgerald (Concord, MA) and anti-Myc (9E10) from Covance (Berkeley, CA). Anti-Actin
was from Novus Biologicals (Littleton, CO) and human LDL, Nile Red, BODIPY-(C12)-Fatty
acid, oleic acid bound to BSA, and DAPI were from Molecular Probes (Invitrogen, Eugene,
OR). Secondary antibodies from Molecular Probes - Invitrogen (Eugene, OR) used in this work
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were: goat anti-mouse-488, goat anti-Guinea pig-568, goat anti-rabbit-488, goat anti-
mouse-568 and goat anti-rabbit-568. Goat anti-mouse-HRP, donkey anti-rabbit-HRP and
donkey anti-Guinea-pig-Cy2 were from Jackson ImmunoResearch (West grove, PA). Fatty-
acid-free bovine serum albumin was obtained from Sigma (St. Louis, MO).

Measurement of free cholesterol by flow cytometry
Adherent MEF cells were trypsinized and transferred into ice-cold DMEM containing 5%
BSA. After centrifugation, cell pellets were resuspended in 4% paraformaldehyde/PBS (v/v)
for 20 min. on ice and washed with PBS. For Filipin staining, fixed cells were incubated with
PBS containing 0.2% saponin and 2 μg/ml Filipin for 40 min. at room temperature. Unbound
Filipin was removed by extensive washes with PBS. Cholesterol levels of at least 10,000 cells
per sample were measured quantitatively utilizing a FACSVantage DIVA flow cytometry
analyzer (Becton-Dickinson, San Jose, CA), by excitation at 355 nm and emission collection
at 410-490 nm with a band pass filter.

Quantitative measurement of total cellular cholesterol
A fluorometric assay to measure both cholesterol and cholesteryl ester was performed using
the Amplex Red Cholesterol kit from Molecular Probes (Invitrogen, Eugene, OR), according
to the manufacturer’s protocol.

Immunofluorescence
MEF and HeLa cells were plated on glass cover-slips and fixed with 4% (vol/vol)
paraformaldehyde/PBS at room temperature for 10 min. and immunostained as previosuly
described [21]. Filipin staining was done essentially as described [12], with minor
modifications. Autofluorescence of Filipin was detected by excitation with a 405 nm laser, and
collecting emission with a 420-480 nm band pass filter [22,23]. Lipid storage was induced by
incubating semi-confluent cells for 18 h with either 4 μg/ml Bodipy-(C12)-Fatty acid or with
100 μM Oleic acid complexed to acid-free bovine serum albumin at a molar ratio of 6:1 with
fixation as described above [24]. All confocal images were acquired with a Zeiss LSM 5 Pascal
microscope (Carl Zeiss, Thornwood, NY), using a 63X 1.4 numerical aperture objective.

Results and Discussion
Knock-down of EHD1 reduces cellular levels of total cholesterol

To examine the impact of EHD1 on steady-state levels of free, non-esterified cholesterol, we
utilized both primary and SV40-transformed mouse embryonic fibroblast (MEF) cells, derived
from mice with a targeted knock-out for Ehd1 (Ehd1-/-MEF) [17]. Loss of EHD1 did not affect
the levels of the other EHD paralogs (Fig. 1G) as seen by immunoblotting with antibodies
specific for EHD1, EHD2 and EHD4 (EHD3 is poorly expressed in MEF cells). Actin was
used as a loading control. Assessment of the cellular free cholesterol was performed with
Filipin, an intrinsically fluorescent antifungal, sterol-binding polyene macrolide, (Fig. 1A-C,
transformed MEFs; Fig. 1D-E, primary MEFs). In Ehd1+/+MEF cells (Fig. 1A and D), free
cholesterol was seen throughout the cell, with concentrations evident particularly at the plasma
membrane (arrows) and perinuclear region. In contrast, Ehd1-/-MEFs (Fig. 1B and E ) showed
markedly reduced levels of cellular cholesterol. To further validate these findings, we used
SiRNA knockdown reduce expression of EHD1 in Ehd1+/+MEFs. The efficacy of this
treatment was confirmed by immunoblot analysis (Fig.1F), showing >90% knockdown of
endogenous EHD1 as compared to the p44/Erk1 and p42/Erk2 controls. SiRNA knock-down
cells showed significantly decreased the levels of cellular free cholesterol (Fig. 1C). To
measure the differences in the free cholesterol levels observed microscopically, we used flow
cytometry to detect levels of Filipin in permeabilized cells. As shown (Fig. 1H), the level of
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Filipin staining in Ehd1-/-MEFs exhibited a mean count of 74.8, comprising only 37% of the
mean count for Ehd1+/+MEF cells (202 counts). Total cholesterol levels (esterified and free),
extracted from an equivalent number of Ehd1+/+ and Ehd1-/-MEFs were also examined (Fig.
1I), demonstrating a similar ˜two-fold reduction.

Re-introduction of wild-type but not mutant EHD1 rescues free cholesterol levels in
Ehd1-/-MEF cells

To further examine the role of EHD1 in cellular cholesterol homeostasis, we undertook ‘rescue’
experiments by re-introducing wild-type and mutant EHD1 into Ehd1-/-MEF cells (Fig. 2).
While untransfected Ehd1-/-MEFs (Fig. 2B; upper cells) showed decreased levels of Filipin
staining compared to Ehd1+/+MEFs (Fig. 2A), Ehd1-/-MEFs that were transfected with wild-
type Myc-EHD1 (Fig. 2B (star), C and inset) displayed levels of Filipin staining approximating
those of the control Ehd1+/+MEF cells (Fig. 2A). Moreover, Ehd1-/-MEF cells transfected with
two previously described dysfunctional EHD1 mutants, Myc-EHD1 ΔEH and Myc-EHD1
G65R (Fig. 2D-G; stars)[15,18], showed no significant difference in Filipin staining when
compared with untransfected Ehd1-/-MEF counterparts. The cellular distribution of EHD1
mutants is depicted in Fig 2E and G as well as in the corresponding insets (Fig. 2 inset for G
and E). These results support a role for EHD1 in cellular cholesterol homeostasis.

Distribution and size of lipid droplets are altered in MEF cells lacking EHD1
Given that loss of EHD1 alters cellular cholesterol levels, we next examined whether loss of
EHD1 impacts the formation of lipid droplets. Under standard culture conditions, non-
adipocyte cells generally contain very small lipid droplets, but the addition of fatty acids is
known to induce formation of large, detectable lipid droplets [25,26]. Lipid droplet biogenesis
was induced in Ehd1+/+ and Ehd1-/-MEF cells by the addition of oleic acid for 18 h. After
fixation, stored lipids were detected by Nile Red, while lipid droplet membranes were stained
with Adipophilin Related Protein (ADRP; green) (Fig. 3A-F). Comparison of the lipid droplet
distribution and size in Ehd1+/+ (Fig. 3A-C) vs. Ehd1-/-MEF cells (Fig. 3D-F) revealed dramatic
differences, with droplets being greatly reduced in size in the Ehd1-/-MEF cells. However,
levels of ADRP remained intact in Ehd1-/-MEF cells, as measured by immunoblot analysis
(Fig. 3K). We hypothesize that the reduced levels of cholesterol in Ehd1-/-MEF cells
diminished the need for storage of esterified cholesterol, resulting in decreased lipid droplet
size.

Recent reports suggest that the EHD1 paralog, EHD2, can associate with lipid droplets [27,
28]. To determine whether EHD1 localizes to lipid droplets, HeLa cells were transfected with
Myc-EHD1 and incubated overnight with labeled fatty acid (Bodipy-C12). As depicted in Fig.
3G, a portion of Myc-EHD1 (red) localized to (green) fatty acid-labeled lipid droplets (see
inset Fig. 3H; arrows) and in some cases aligned with tubular Myc-EHD1-containing
membranes (inset Fig. 3H; arrowheads). In MEF cells, where the distribution of endogenous
EHD1 is mostly punctate, partial co-localization of endogenous EHD1 (green) was also
observed with Nile Red labeled lipid droplets loaded with oleic acid (Fig. 3I and inset; J). The
nucleus was stained with DAPI (blue). The partial localization of EHD1 to lipid droplets
suggests its potential involvement in cholesterol storage in these organelles.

Delivery of LDL-derived cholesterol to lipid droplets is reduced in EHD1 knockout cells
One of the primary modes by which cholesterol levels are regulated in non-hepatic cells is by
the uptake of cholesterol-laden low density lipoprotein (LDL) particles via the LDL receptor
[1]. Since EHD1 has been implicated in: (I) recycling of receptors to the plasma membrane
[ 15,16,18], and (II) in the internalization of certain receptors [29], we hypothesized that EHD1
might affect cellular cholesterol homeostasis by regulating LDL transport via its receptor. To
examine the potential link between EHD1 and LDL-derived cholesterol delivery to lipid
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droplets, we supplemented Ehd1+/+ and Ehd1-/-MEFs with LDL in media containing de-
lipidated serum (Fig.4), and then compared free cholesterol levels and lipid droplet size by co-
staining the cells with Filipin and antibodies directed against ADRP, respectively. As a
comparative control, another set of cells was grown in complete media without the addition of
LDL or any exogenous lipids. As depicted at steady-state (Fig4 A-D), Filipin levels were
detectably stronger in Ehd1+/+MEFs (Fig. 4A) compared to Ehd1-/-MEFs (Fig. 4C), consistent
with our data from Figures 1 and 2. In addition, both Ehd1+/+ and Ehd1-/-MEFs at steady state
displayed very small lipid droplets (Fig. 4B and D ), most likely since neither LDL loaded with
exogenous lipids nor fatty acids had been added to the media. However, upon LDL uptake,
Ehd1+/+MEF cells showed markedly enhanced Filipin staining (Fig. 4E), indicating that free
cholesterol had been internalized along with LDL. Accordingly, ADRP-coated lipid droplets
were also enlarged (Fig. 4F; G is a higher magnification of a single cell), suggesting that excess
esterified cholesterol was being stored in lipid droplets. On the other hand, Ehd1-/-MEF cells
showed little increase in Filipin staining even after 18 h LDL uptake (Fig. 4H), and little or no
change in lipid droplet size was seen with ADRP staining (Fig. 4I; J is a higher magnification
of a single cell). These results are consistent with a role for EHD1 in the regulation of cellular
cholesterol homeostasis and lipid droplet biogenesis.

A number of possible explanations could account for the dramatically reduced size of the lipid
droplets. One possibility is that loss of EHD1 leads to impaired activity of the ACAT enzyme
required for esterification of cholesterol [2]. Alternatively, Ehd1-/-MEFs might have enhanced
efflux of cholesterol from lipid droplets due to activity of the enzyme nCEH, which is expressed
in a range of cell types and completes the cholesterol-ester cycle by hydrolyzing cholesteryl-
esters back to cholesterol and fatty acids [30]. Our present work show that the size of lipid
droplets (which tends to reflect the overall levels of intracellular cholesterol) was largely
dependent upon LDL uptake. Since little or no increase in lipid droplet size was observed upon
incubation of Ehd1-/-MEF cells with LDL, we hypothesize that impaired internalization of
LDL-derived cholesterol is a possible cause for the decreased levels in esterified and free
cholesterol in cells lacking EHD1 and for their reduced size of lipid droplets.
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Fig. 1. Decreased free cellular cholesterol in MEF cells lacking EHD1
(A-C) SV40-transformed MEF cells, and (D and E) primary, non-transformed MEF cells were
plated on glass cover–slips for 24 h. Ehd1+/+ MEF cells (C) were treated with EHD1-RNAi
for 48 h, whereas Ehd1+/+ and Ehd1-/- MEF cells were mock-treated (A-B, respectively). Cells
were fixed and free cholesterol was visualized by Filipin staining (A-E). Arrows depict plasma
membrane cholesterol. (F) Lysates from mock-treated Ehd1+/+ and Ehd1-/-MEF cells, and
Ehd1+/+ MEF cells treated with EHD1-RNAi (as in C) were lysed and separated by SDS-PAGE
and immunoblotted with rabbit anti-EHD1 and with anti-Erk 1/2 to show levels of protein
loading. (G) The protein levels of other C-terminal EHD paralogs were analyzed in Ehd1+/+

and Ehd1-/-MEF cells. Lysates with equivalent protein concentrations were separated by SDS
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PAGE and immunoblotted with antibodies for EHD1, EHD2, EHD4, and with anti-actin as a
control. (H) Flow cytometry analysis of free cholesterol was performed on at least 10,000
Ehd1+/+ and Ehd1-/- MEF cells stained with Filipin in the presence of saponin to permeabilize
the cells. Mean fluorescence of each cell population is depicted in the graph. (I) Total cellular
cholesterol levels (cholesterol and cholesteryl-ester) of Ehd1+/+ and Ehd1-/- MEF cells were
measured by fluorometric assay. The mean and standard deviation are from 3 independent
experiments, each utilizing 1 × 106 cells. Bar, 10 μm.
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Fig. 2. Introduction of wt EHD1, but not mutant EHD1, into MEF -/- cells rescues cellular free
cholesterol levels
Ehd1+/+ MEF cells (A) and Ehd1-/- MEF cells (B-G) were plated on glass cover-slips for 18
h. Ehd1-/- MEF cells were then transfected with wild-type Myc-EHD1 (B, C), Myc-EHD1
ΔEH (D, E), and myc-EHD1 G65R (F-G) for 48 h in the presence of 5 mM butyric acid for
the last 18 h of transfection to enhance expression of the transfected proteins. After fixation
and permeabilization, cells were stained with Filipin. Myc-EHD1 transfected proteins were
identified with anti-Myc antibodies, followed by 568-Alexa goat anti-mouse IgG. Transfected
cells stained with anti-Myc are enlarged to illustrate a more detailed staining pattern (outlined
by ‘dashed rectangles’; insets for C, E and G). Stars depict transfected cells. Bar 10 μm.
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Fig. 3. Lack of EHD1 alters size and distribution of lipid droplets in Ehd1-/- MEF cells, and EHD1
and lipids droplets partially co-localize in Ehd1+/+MEF cells
(A-C) Ehd1+/+ MEFs and (D-F) Ehd1-/- MEFs were plated on glass cover-slips for 24 h in
fatty-acid free medium containing 100 μM oleic acid. After fixation and permeabilization, lipid
droplets were co-stained with Nile Red and anti-ADRP, followed by Cy2-Donkey anti-Guinea
pig IgG. Insets depict the size of a cluster of lipid droplets. (G and inset; H) Myc-EHD1-
transfected HeLa cells were grown on glass cover-slips in fatty-acid free medium containing
4 μg/ml Bodipy-(C12)-Fatty acid (visualized in green) for 18 h at 37°C. After fixation, the cells
were incubated with anti-Myc followed by 568-goat anti-mouse IgG to detect Myc-EHD1
(red). (I and inset; J) Untransfected Ehd1+/+ MEF cells were incubated with fatty-acid free
medium supplemented with 100 μM oleic acid for 18 h at 37°C, and fixed. The cells were co-
stained (in the presence of saponin) with Nile Red to visualize lipid droplets, DAPI to mark
the nuclei (blue), and with rabbit anti-EHD1 followed by 488-Alexa anti-rabbit IgG to detect
endogenous EHD1 (green). Arrows mark EHD1 localized to Nile Red labeled lipid droplets,
and arrowheads depict alignment of lipid droplets with EHD1-containing tubular membranes.
(K) Equal numbers of Ehd1+/+ and Ehd1-/-MEFs were lysed, separated on SDS-PAGE and
immunoblotted with either anti-ADRP (left panel), or anti-EHD1 (right panel). Bars, 10 μm.
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Fig. 4. Reduced delivery of LDL-derived cholesterol to lipid droplets in cells lacking EHD1
Ehd1+/+ MEF cells (A, B, E-G) and Ehd1-/-MEF cells (C, D, H-J) were plated on glass cover-
slips for 18 h in complete media. For LDL uptake (E-J) the complete media was replaced by
media containing fatty-acid free serum, and supplemented with 30 μg/ml serum-derived LDL
for 18 h at 37°C prior to fixation. As a control (A-D) MEF cells growing in complete medium
(without LDL) were fixed. All cover slips were permeabilized and stained with Filipin and
anti-ADRP, followed by 568-conjugated goat-anti-Guinea pig IgG. Insets (G) and (J) depict
ADRP stain of lipid droplets in a single-cell shown at higher magnification. Bars, 10 μm.
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