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ABSTRACT Adipocytes play a central role in energy balance, and dysfunctional adipose tissue
severely affects systemic energy homeostasis. The ATPase EH domain—containing 2 (EHD2)
has previously been shown to regulate caveolae, plasma membrane-specific domains that are
involved in lipid uptake and signal transduction. Here, we investigated the role of EHD2 in
adipocyte function. We demonstrate that EHD2 protein expression is highly up-regulated at
the onset of triglyceride accumulation during adipocyte differentiation. Small interfering
RNA-mediated EHD2 silencing affected the differentiation process and impaired insulin sen-
sitivity, lipid storage capacity, and lipolysis. Fluorescence imaging revealed localization of
EHD2 to caveolae, close to cell surface-associated lipid droplets in primary human adipocytes.
These lipid droplets stained positive for glycerol transporter aquaporin 7 and phosphorylated
perilipin-1 following adrenergic stimulation. Further, EHD2 overexpression in human adipo-
cytes increased the lipolytic signaling and suppressed the activity of transcription factor
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PPARY. Overall, these data suggest that EHD2 plays a key role for adipocyte function.

INTRODUCTION

Adipose tissue constitutes the main storage site of excess energy in
the form of triglycerides that are released as free fatty acids (FFA)
when needed. Impaired energy storage capacity in adipocytes is
associated with increased levels of circulating FFA and with ectopic
lipid accumulation in liver and muscle, which is a major risk factor for
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developing insulin resistance and type 2 diabetes (Schinner et al.,
2005). We and others have examined the dynamics of adipose
tissue expansion (McLaughlin et al., 2007; Li et al., 2016; Hansson
et al., 2018), which involves increased adipocyte size (hypertrophy)
as well as increased cell number (hyperplasia). The latter occurs
through differentiation of preadipocytes (adipogenesis) (Salans
et al, 1968), a process tightly regulated by various transcription
factors, including peroxisome proliferator-activated receptor
gamma (PPARYy) and CCAAT/enhancer-binding proteins alpha and
beta (C/EBPo and C/EBP). Recent studies have implicated impaired
differentiation (Grunberg et al., 2014; Acosta et al., 2016) and
limited adipocyte expansion (McLaughlin et al., 2007, 2014) as
factors contributing to adipose tissue dysfunction and a worsened
systemic metabolic profile.

Recently, we identified EH domain—containing 2 (EHD2) as one
of the most highly up-regulated genes in adipose tissue during
short-term overfeeding in mice (Hansson et al., 2018). EHD2 be-
longs to a family of well-conserved dynamin-related ATPase proteins
(EHD1-4) that are implicated in several cellular processes, including
membrane recycling, receptor internalization, and GLUT4 endocy-
tosis (Guilherme et al., 2004; Naslavsky et al., 2004; Park et al.,
2004). The ability of EHD proteins to form ring-like oligomers
on lipid membranes, thereby causing membrane curvature, has
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highlighted their role in membrane trafficking (Daumke et al., 2007).
Mass spectrometry and vectorial proteomics revealed EHD2 to be
associated with caveolae (Aboulaich et al., 2004), specific invagina-
tions of the plasma membrane that are implicated in numerous pro-
cesses, including signal transduction (Gustavsson et al., 1999),
cholesterol efflux (Fielding and Fielding, 2001), and lipid transport
(Meshulam et al., 2006; Ding et al., 2014). Indeed, ablation or muta-
tion of the caveolar core protein caveolin-1 causes impaired insulin
signaling in mice (Cohen et al., 2003) and lipodystrophy in humans
(Kim et al., 2008). The past decade, a central role of cavin proteins
for caveolae assembling and function has emerged (Bastiani et al.,
2009; Parton and del Pozo, 2013; Kovtun et al., 2015). Studies at the
ultrastructural level, in nonadipocyte cell models, have demon-
strated that EHD2 is located specifically at the neck of caveolae
(Moren et al., 2012; Ludwig et al., 2013; Shah et al., 2014). Based on
previous knowledge of EHD2 function related to its ATPase activity
(Daumke et al., 2007), it was hypothesized that EHD2, by constrain-
ing the caveolar neck, would regulate the stability, but not the
formation, of caveolae at the plasma membrane (Moren et al.,
2012). This assumption was confirmed by the finding that EHD2
knockdown lead to increased caveolae mobility, whereas EHD2
overexpression immobilized caveolae and prolonged the duration
of their localization to the plasma membrane surface (Moren et al.,
2012; Stoeber et al., 2012). Caveolin-1, together with EHD2, has
also been shown to associate with intracellular lipid droplets by
mass spectrometry (Blouin et al., 2010). Caveolae are also consid-
ered a membrane reservoir, and EHD2 was recently reported
to serve as a mechanosensor connecting caveolae with transcrip-
tional activity (Torrino et al., 2018). Few studies have addressed the
biological function of EHD2 in adipocyte biology.

Here, we demonstrate that EHD2 is up-regulated in parallel with
caveolin-1 during adipocyte differentiation. Further, we discovered
EHD?2 to be located, together with caveolin-1, in close proximity of
cell surface-associated lipid droplets that displayed lipolytic activity
in fully differentiated human adipocytes. Together, these data
suggest that EHD2 plays a key role in maintaining adipocyte function
and lipid metabolism, possibly indirectly by affecting caveolae
function.

RESULTS

Increased expression of EHD2 and caveolin-1 in adipose
tissue following high-fat diet

First, we examined the relationship between caveolin-1 and EHD2
expression in adipose tissue using RNA sequence data previously
obtained from adipose tissue during a short-term (14 d) overfeeding
study in mice (Hansson et al., 2018). By analyzing that data set, we
found a positive correlation between EHD2 and caveolin-1 mRNA
expression (Figure 1A). Western blot analysis demonstrated that the
protein levels of caveolin-1 and EHD2 had increased three- and two-
fold, respectively, after 14 d of high-fat diet (HFD) (Figure 1B). While
the protein level of caveolin-1 rapidly increased after 2 d, the EHD2
level increased after 14 d, a time point that we previously (Hansson
et al., 2018) demonstrated to coincide with considerable adipocyte
differentiation. Next, by comparing the EHD2 levels in adipose tis-
sue versus isolated adipocytes from chow- or HFD-fed mice, we
found that the increase of EHD2 in adipose tissue following HFD
was not due to an increase in the isolated adipocytes (Figure 1C).
We interpret the increased EHD2 levels to reflect an increased
adipocyte differentiation and, hence, an increased proportion of
mature adipocytes within the tissue. Further, we found EHD2 to be
completely down-regulated in tissues from caveolin-1-deficient
mice, a mouse model known to have severe lipodystrophy
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(Figure 1D). Together these data imply that EHD2 expression is
tightly related to expression of caveolin-1.

EHD2 is up-regulated during adipocyte maturation

Since EHD2 seemed to be significantly up-regulated at a stage of
pronounced adipocyte differentiation, we investigated the expres-
sion and subcellular localization of EHD2 during adipocyte matura-
tion using cultured 3T3-L1 cells. Four days after initiating
differentiation (initiation at day 0), a distinct increase of EHD2
protein expression coincided with increased expression of caveo-
lin-1 and fatty acid synthase (FAS) (Figure 1E). C/EBPo. expression
was monitored to verify adipocyte maturation (Figure 1E). At the
same time point (day 4), confocal microscopy demonstrated a clear
accumulation of intracellular lipid droplets (Figure 1, F and G, top
panels). As expected, larger intracellular lipid droplets were formed
at the later stages of differentiation (day 11). The localization of
EHD2 and caveolin-1 gradually shifted from striated patterns (day —2)
to distinct structures (day 11) at the membrane surface, which most
likely reflect plasma membrane-associated caveolae (EHD2 and
caveolin-1 shown in bottom panels in Figure 1, F and G, respec-
tively). Higher temporal resolution of the lipid droplet accumulation
and redistribution of EHD2 and caveolin-1 during differentiation is
shown in Supplemental Figure S1. Colabeling against EHD2 and
caveolin-1 at a later stage of differentiation (day 11) demonstrated
that EHD2 and caveolin-1 localized to the same structures (Figure
1H). Colabeling against EHD2 and cavin1, another caveolae-related
protein, displayed a similar pattern (Supplemental Figure S2A).
Thus, EHD2 expression seems to follow the formation of caveolae
structures during adipocyte maturation.

EHD2 silencing halts adipocyte maturation

To further examine the role of EHD2 in adipocyte function, we
employed small interfering RNA (siRNA)-mediated gene silencing of
EHD2 in 3T3-L1 cells 4 d after initiating the differentiation. After 72
h, the EHD2 mRNA level was significantly suppressed (data not
shown), and Western blot analysis confirmed a complete knock-
down of EHD2 at the protein level (Figure 2, A and B). EHDZ silenc-
ing was associated with reduced levels of PPARy2, CEBPa, and
adiponectin, the latter an adipocyte-specific hormone, which pro-
motes adipocyte differentiation (Fu et al., 2005) (Figure 2, A and B).
The protein level of C/EBPB was unchanged. Further, EHD2 silenc-
ing reduced the expression of proteins involved in lipid metabolism;
acetyl-CoA carboxylase (ACC), FAS, sterol regulatory element-
binding protein 1c (SREBP1c), and perilipin-1, whereas adipose
triglyceride lipase (ATGL), ap2 (a carrier protein for fatty acids),
caveolin-1, and cavin1 were similar compared with control (Figure 2,
C and D). Consistent with the down-regulation of proteins involved
in de novo lipid synthesis and lipid metabolism, the total lipid
accumulation in EHD2-silenced cells was decreased, as assessed by
confocal microscopy (Figure 3, A and B). Image analysis also re-
vealed an accumulation of smaller lipid droplets in EHD2-silenced
cells compared with control cells (Figure 3C). EHDZ silencing did not
affect the distribution of caveolin-1 (Figure 3D), which is in line with
previous reports (Moren et al., 2012). The decreased levels of
PPARY2, CEBPa, and SREBP1c suggest that knockdown of EHD2
alters the differentiation process, which could, at least partially,
explain the decreased expression of proteins involved in lipid
metabolism and also the impaired lipid storage.

Impaired hormonal response in EHD2-silenced cells

Sensitivity to the metabolic hormones insulin and catecholamine
is a key feature of normal adipocyte function. To explore whether
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(A) Correlation between EHD2 and caveolin-1 mRNA expression in epididymal fat tissue during 14 d of HFD
feeding of C57BL6/J mice, n = 20 biological data points. (B) Protein expression of EHD2 and caveolin-1 in epididymal
adipose tissue during 14 d of HFD, n = 3-4/group, data normalized to B-actin. (C) Western blot analysis showing EHD2
protein expression in isolated primary adipocytes and epididymal adipose tissue from mice fed chow or 14 d of HFD,
HSP90 used as a loading control, ap2 used as an adipocyte marker. (D) Western blot analysis showing caveolin-1 and
EHD2 protein expression in epididymal adipose and lung tissues from WT- and caveolin-1 KO mice. n = 3 animals/group;
HSP90 used as a loading control. (E) Representative blots showing protein expression of FAS, EDH2, caveolin-1, and
C/EBPa. during 3T3-L1 differentiation, n = 4 independent experiments; each sample was collected and is presented as a
technical duplicate. HSP90 used as a loading control. (F) Representative immunofluorescence microscopy images of
differentiating 3T3-L1 cells -2, 4, and 11 d after initiating differentiation. Cells were stained with Hoechst (blue signal,
nuclei), BODIPY (yellow signal, neutral lipids) (top panel), and EHD2 antibody (bottom panel). (G) Same as in F but
stained for caveolin-1 instead of EHD2 (caveolin-1 shown in bottom panel, Cav1). (H) Representative images showing a
projection, bottom and middle sections of 3T3-L1 cells, 8 d after differentiation, costained with direct-conjugated
antibodies toward EHD2 and caveolin-1, Hoechst, and BODIPY. Data in B are presented as mean + SD. #,*p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001 represent significance compared with 0 d of HFD. Scale bar = 10 pm.
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FIGURE 2: (A) Representative Western blots of EHD2 and transcriptional targets in 3T3-L1 cell
lysates collected 72 h after gene silencing with siRNA control (SCR) or EHD2 siRNA (siEHD2).
HSP90 was used as a loading control. Arrow indicates PPARY2. (B) Quantification of protein
expression in A normalized to HSP90. n = 4 independent experiments; each sample was
collected and presented as a technical duplicate. (C) Representative Western blots of targets
involved in lipid metabolism in 3T3-L1 cell lysates were collected 72 h after gene silencing with
siRNA control (SCR) or siEHD2. HSP90 was used as a loading control. (D) Quantification of
protein expression in C normalized to HSP90. n = 4 independent experiments; each experiment
was run in duplicate. Data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001.

EHD?2 silencing also affected the insulin response, scrambled or
EHD2-silenced cells were stimulated with a submaximal or maxi-
mal dose of insulin (0.01 and 10 nM, respectively) 72 h after gene
silencing. Western blot analysis demonstrated that insulin-
stimulated phosphorylation of IRS-1 Y612, PKB S473, and T308
(bottom panel), and the total IRS-1 level, were all reduced in
EHD2-silenced cells, whereas the total PKB level seemed
unchanged (Figure 4A; quantifications are shown in Figure 4B).
Further, EHD2 silencing also suppressed both basal and cate-
cholamine-induced (isoprenaline [ISO], 10 and 100 nM) glycerol
release (Figure 4C). Note that the glycerol release was still lower
in EHD2-silenced cells even if normalized to the initial triglycer-
ide content (Supplemental Figure S2B). In line with this, total and
phosphorylated levels of perilipin-1 (5§522), the latter used to de-
tect cAMP-dependent lipolysis, and hormone-sensitive lipase
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(HSL) at site S563 were markedly reduced
(Figure 4D). Quantification demonstrated
that the fold response of HSL pS563 fol-
lowing catecholamine stimulation was de-
creased in EHD2-silenced cells compared
with control (Figure 4E). Further, immuno-
fluorescence  microscopy revealed a
marked increase in perilipin-1 pS522 stain
after ISO incubation in control, but not in
EHD2-silenced cells (Figure 4F, left pan-
els: unstimulated condition [CTRL]; right
panels: ISO-stimulated condition; perili-
pin-1 pS522 shown in red). Thus, EHD2
silencing decreased the expression and
hormonal response of proteins involved in
insulin signal transduction and hydrolysis
of triglycerides.

Localization of EHD2 to caveolae

in primary human adipocytes

So far, our data suggest that EHD2 is up-
regulated during adipocyte maturation
and is required to maintain intact adipo-
cyte function. Since EHD2 has been re-
ported to regulate caveolae stability in
nonadipocyte cell lines (Moren et al.,
2012), and caveolae are key for main-
tained lipid storage function and insulin
signal transduction in adipocytes (Razani
et al., 2002; Karlsson et al., 2004; Ding
c,(b et al., 2014), we next wanted to explore
the relationship between EHD2 and cave-
olin-1in primary adipocytes differentiated
in vivo. Optical sectioning by confocal mi-
croscopy demonstrated that EHD2 was
localized to the same structures as both
caveolin-1 and cavin1, presumably caveo-
lae, in the plasma membrane region of
primary human adipocytes (Figure 5, A
and B). Colocalization of these proteins
was illustrated by plotting the fluores-
cence intensity profile of EHD2 (green)
and caveolin-1/cavin1 (red) along a line
drawn in the membrane-close region
(Figure 5, A and B, line shown in insert,
intensity plot in bottom panel).

Adrenergic stimulation induces accumulation of
phosphorylated perilipin-1 and EHD2 at surface-associated
lipid droplets

Next, we further examined the localization of EHD2 under insulin- and
catecholamine-stimulated conditions. ISO, but not insulin, caused an
accumulation of EHD2 at structures close to the plasma membrane,
which resembled small lipid droplets (Figure 6A, top panel, EHD2
detected with antibody, shown in green). ISO also increased the sig-
nal of phosphorylated perilipin-1 (pS522) that was concentrated at
the same structures as EHD2 (Figure 6A, second panel, perilipin-1
[pS522], shown as inverted gray). A similar distribution of EHD2 and
phosphorylated perilipin-1 was also observed in EHD2 wild type
(WT)-overexpressing cells (Figure 6A, bottom two panels, EHD2
detected with GFP, shown in green; perilipin-1 [pS522] shown as
inverted gray). Interestingly, overexpression of EHD2 WT resulted
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(A) Representative immunofluorescence images of 3T3-L1 cells: control (SCR, left panels) or EHD2-silenced
(siEHD2, right panels), stained for nuclei (Hoechst, blue signal), neutral lipids (BODIPY, yellow signal), and EHD2 (gray
scale). Scale bar = 50 pm. (B) Average intensity in arbitrary units (AU) of neutral lipids (BODIPY) in control (SCR) and
EHD2-silenced (siEHD2) cells. (C) Quantification of lipid droplet size (relative size expressed as pixel area) in control
(SCR) or EHD2-silenced (siEHD2) cells. Data are in presented as mean + SEM.*p < 0.05, ***p < 0.001. (D) Representative
immunofluorescence images of 3T3-L1 cells: control (SCR, left panels) or EHD2-silenced (siEHD2, right panels) that were
stained for nuclei (Hoechst, blue signal), neutral lipids (BODIPY, yellow signal), and caveolin-1. Scale bar = 50 pm.

in a stronger perilipin-1 (p522) signal both in nonstimulated and ISO-
stimulated cells compared with nontransfected cells (Figure 6A,
panels showing the inverted gray). In a separate experiment using
neutral lipid stain (BODIPY), we could confirm the presence of sur-
face-associated lipid droplets (Supplemental Figure S3A). These lipid
droplets were costained with perilipin-1 pS522 in the ISO-stimulated
state. Note that these small lipid droplets are distinct from the main
lipid droplet that was illustrated in Figure 5. Owing to technical limita-
tions, it was not possible to examine whether EHD2, or perilipin-1,
was also associated with the main lipid droplet.

To further verify the observation made by microscopy, primary
human adipocytes were transduced with EHD2-encoding adeno-
virus and analyzed by Western blotting. EHD2 overexpres-
sion increased the level of ATGL and increased both basal and
ISO-stimulated perilipin-1 pS522 (Figure 6B). EHD2 expression
also induced the phosphorylation HSL pS563, shown in Figure 6C,
bottom panel (not quantified due to low basal level).

Taken together, we demonstrate that EHD2 is located at caveo-
lae (Figure 5) close to surface-associated lipid droplets in primary
human adipocytes. These lipid droplets represent domains that
have never been characterized in detail before. Further, the data
suggest that an increased EHD2 level drives a lipolytic phenotype,
shown as increased phosphorylation of both perilipin-1 and HSL
and increased ATGL level. The fact that the surface-associated lipid
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droplets stained positive for perilipin-1 pS522 indeed suggests that
they participate in lipolytic events.

The state of EHD2 oligomerization affects the distribution
of caveolin-1

To act as a caveola stabilizer, ATP-bound EHD2 associates to the
plasma membrane, followed by EHD2 oligomerization, which
stabilizes the curvature of the caveolae neck (Hoernke et al.,
2017). To examine whether the membrane-binding, oligomeriza-
tion, and ATPase activity affects EHD2 localization, we overex-
pressed EHD2 WT and the EHD2 mutants [157Q (having an in-
trinsically enhanced ATP hydrolysis activity leading to prolonged
caveolar localization and stabilization) (Daumke et al., 2007;
Stoeber et al., 2012) and F122A (which does not oligomerize)
(Daumke et al., 2007; Moren et al., 2012), together with RFP-
tagged caveolin-1 in primary human adipocytes. Imaging dem-
onstrated that EHD2 WT and 1157Q bound to the plasma mem-
brane and localized together with caveolin-1 (illustrated in Figure
6C, EHD2 green signal, caveolin-1 red signal; top panel shows
entire cell, and bottom panels show zoomed region of the cell).
Overexpressed caveolin-1, in addition to exhibiting a strong
membrane-associated signal, localized around lipid droplets that
were identified by LipidTOX staining (Figure 6C, caveolin-1 red
signal, LipidTOX gray signal). This localization could presumably

EHD2: key regulator of adipocyte function | 1151
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and phosphorylated protein levels of IRS-1 (pY612), PKB (pS473), and EHD2. HSP90 used as a loading control. Levels of
PKB (pT308) are shown in the bottom panel. Representative blots from n = 34 independent experiments. Quantifications
of Western blot analysis in A are shown in B. Seventy-two hours after gene silencing (SCR or siEHD2-treated), 3T3-L1 cells
were either nonstimulated or stimulated with ISO (10 or 100 nM) for 30 min; glycerol concentration in medium (mM) is
shown in C, and Western blot analysis for detection of total and phosphorylated protein levels of HSL (pS563) and
perilipin-1 (pS522) are shown in D. Representative blots from n = 4 independent experiments. (E) Quantification of HSL in
D, expressed as HSL pS563/total HSL, n = 4 independent experiments; each sample was run in duplicate. Data in B, C,
and E are shown as mean + SD. *p < 0.05, ****p < 0.0001. (F) Representative immunofluorescence images of 3T3-L1 cells
scrambled (SCR) or EHD2-silenced (siEHD?2) that were either nontreated (CTRL, left panel) or ISO-treated (100 nM, right
panel) for 30 min. After treatment, cells were fixed and stained for nuclei (Hoechst, blue signal), neutral lipids (BODIPY,
yellow signal), EHD2 (green signal), and perilipin-1 pS522 (red signal). Scale bar = 10 pm.

Lipolytic activity at surface-associated lipid droplets

is dependent on ATP hydrolysis

Next, the distributions of the EHD2 mutants were also analyzed
in the ISO-stimulated state. Because the 1157Q mutant, having fast

mirror a normal function of caveolin-1 at the lipid droplet coats,
a phenotype that is then enhanced when caveolin-1 is overex-
pressed. Disruption of the oligomerization of EHD2 by the F122A
mutation resulted in a dispersed signal of caveolin-1 around the

lipid droplets (Figure 6C, far right panel). Altogether, this
suggests that the state of EHD2 oligomerization affects the lipid
droplet-associated distribution of caveolin-1.
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ATP hydrolysis, displayed a similar distribution as EHD2 WT
(Figure 6C), we also included the EHD2 T94A mutant, exhibiting
slow ATP hydrolysis, for comparison. The samples were costained

Molecular Biology of the Cell
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costained against cavin1 (Cavin-1, red). Scale bar = 20 pm.

with antibodies against either perilipin-1 pS522 or aquaporin 7
(AQP7), an adipocyte-specific glycerol transporter that facilitates
glycerol release from adipocytes, here used as a marker to examine
whether the lipid droplets potentially were associated with glycerol
release (Kishida et al., 2000). The 1157Q mutant exhibited a pheno-
type similar to WT (Figure 7A, third panel), whereas cells expressing
the T94A mutant displayed a more dispersed EHD2 signal and
fewer lipid droplets, compared with WT (Figure 7A, far right panel).
As shown in Figure 6A, ISO increased the signal of perilipin-1
pS522 at EHD2-positive surface lipid droplets in cells expressing
EHD2 WT, 1157Q, or T?4A mutant (Figure 7A, top panel, quantifica-
tion of perilipin-1 pS522 is shown in Figure 7B). The perilipin-1
pS522 signal was lower in cells expressing either 1157Q or T94A
mutant compared with WT (Figure 7B). The AQP7 signal was clus-
tered at the same structures as perilipin-1 pS522 in all samples
(Figure 7A, bottom panel). The presence of AQP7 at these lipid
droplets suggests that they are associated with glycerol transport
from the cell. Note that, in Figure 7, the signal levels have been
optimized for visibility. In Supplemental Figure S4, the images of
EHD2, AQP7, and perilipin-1 pS522 are shown as captured when
using the same settings, demonstrating the relative differences in
signal intensity among the EHD2 variants. Possibly, these differ-
ences among some of the EHD2 variants could reflect lower ex-
pression levels or distinct cellular localization. Supplemental Figure
S4 also includes the EHD2 mutants T72A (no ATP binding), F122A
(no oligomerization), and K328D (impaired membrane association),
which exhibited lower expression or shifted localization and lower
perilipin-1 pS522 activation at caveolae and lipid droplets at the
membrane surface.
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Regardless of the cause behind the different intensity levels of
the EHD2 variants, these data together support that EHD2 drives a
phenotype characterized by an accumulation of small lipid droplets
that stain positive for both AQP7 and phosphorylated perilipin-1.

Overexpression of EHD2 and caveolin-1 impairs PPAR
response element activity

Next, we wanted to examine potential mechanisms behind the
EHD2-mediated effect on adipocyte maturation, which we ob-
served earlier (data shown in Figure 2), a process tightly regulated
by several transcription factors. EHD2 has previously been re-
ported to accumulate in the nuclear fraction and to function as a
transcriptional corepressor in nonadipocyte cell lines (Pekar et al.,
2012) and to connect caveolae disassembly with transcriptional
activity (Torrino et al., 2018). Here, by confocal microscopy, we
found a punctuated distribution of EHDZ in the perinuclear region,
but no significant amount was detected inside the nucleus (Figure
8A). Possibly, EHD2 could influence transcriptional activity indi-
rectly by regulating the influx of fatty acids via caveolae, the for-
mer acting as ligands for nuclear receptors. To test this, primary
human adipocytes were cotransfected with EHD2 variants and a
PPAR response element (PPRE)-luciferase reporter, reflecting
PPARy activity. EHD2 WT overexpression decreased the PPRE ac-
tivity with ~50% compared with control (Figure 8B). The EHD2
[157Q variant, which has prolonged caveolar localization, caused
an even further reduction (~75%) of PPRE activity compared with
control (Figure 8C). Thus, stabilization of EHD2 oligomers seemed
to impair PPARy activity in primary adipocytes. The T94A variant,
which is unable to stabilize caveolae to the same extent as EHD2
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(A) The top panel illustrates native EDH2 antibody labeling of primary human adipocytes that were either
nontreated (CTRL) or treated with ISO (100 nM, 30 min) or insulin (Ins, 100 nM, 30 min) prior to fixation. Staining with
antibodies against EHD2 (green signal) and perilipin-1 pS522 (red signal). The perilipin-1 pS522 (P-perilipin) signal is also
displayed in inverted gray scale below each image. The same conditions in EHD2WT-GFP overexpressing cells are
shown in the bottom panel, where EHD2 was detected with GFP (green signal). Scale bar = 20 ym. (B) Protein
expression assessed by Western blot in cell lysates from primary human adipocytes transduced with control (Ad-GFP) or
Ad-EHD2 (Ad-EHD2WT) virus for 68-94 h, whereafter they were nontreated or treated with ISO (100 nM, 30 min).
HSP90 was used for normalization. Data are expressed as fold expression compared with control (Ad-GFP) and
presented as mean + SD, n = 5-6 independent experiments. *p < 0.05, **p < 0.01. (C) Representative confocal
microscopy images of primary human adipocytes expressing caveolin-1-RFP (Cav1-RFP) and either EHD2 WT
(nonstimulated) or EHD2 mutants with single amino acid substitutions (all EHD2 constructs were GFP-tagged). Cells
were also stained with LipidTOX to detected lipid droplets prior to imaging. The two top panels illustrate the
distribution at the single cell level, scale bar = 50 pm. Magnified regions (white squares) showing distribution of EHD2
and caveolin-1 in lipid droplets in the surface proximal region are shown in the bottom panels, scale bar =5 um.

WT or 1157Q, had a PPRE activity similar to that of the control ~ DISCUSSION

(Figure 8C). Overexpression of caveolin-1 alone decreased PPRE In the present study, we have explored and confirmed a role of
activity with ~50%, similar to EHD2 WT (Figure 8C). Together, in-  EHD2 for adipocyte function. We demonstrate that EHD2 is neces-
creased expression of either caveolin-1 or EHD2 seems sufficient  sary for adipocyte maturation, triglyceride storage, and maintained
to shift transcriptional activity. cellular hormone sensitivity. We also show that EHD?2 is located at
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(A) Representative TIRF microscopy images of primary human adipocytes expressing
EHD2 WT (nonstimulated) or EHD2 mutants (all stimulated with ISO 100 nM for 30 min prior
fixation). In the top panel, the cells were stained with antibody against perilipin-1 pS522 (red),
and EHD2 was detected by GFP signal (green). In the bottom panel, cells were costained
against perilipin-1 pS522 (red) and AQP7 (green). Scale bar = 20 pm. Insets show zoom of lipid
droplet structures for increased visibility. EHD2 and AQP7 are shown in green in each panel, and
perilipin-1 pS522 is shown in red. Scale bar = 2 ym. (B) Fluorescence signal of perilipin-1 pS522
was quantified for each EHD2 mutant using an region of interest around each lipid cluster. Four
clusters per cell and ~16 cells per EHD2 mutant were measured. ****p < 0.0001, ####p < 0.0001
significance levels compared with EHD2WT, nonstimulated (WT-NoStim).

caveolae in primary human adipocytes and provide the first charac-
terization of surface-associated lipid droplets located close to EHD2.
We provide several pieces of evidence that support these state-
ments, as discussed below.

First, we found EHD2 to be up-regulated during adipose tissue
expansion at a time point of significant adipocyte differentiation.
Because the increased EHD2 level was detected in adipose tissue,
and not isolated adipocytes, it is reasonable to believe this reflects
an increased number of maturated adipocytes within the tissue.
Second, we report a distinct increase of EHD2 expression that
coincided with an increased expression of FAS and lipid accumula-
tion in adipocytes differentiated in vitro. Third, EHD2-gene silencing
decreased the expression of several transcriptional factors that are
known as essential for adipogenesis (Farmer, 2006) and impaired
the hormone response and lipid accumulation.

A couple of studies have previously mentioned EHD2 in the
context of adipocyte differentiation (Bluher et al., 2004; Molina
et al., 2009). By proteomic analysis, EHD2 was identified as one of
several targets down-regulated in white adipose tissue from the
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adipose tissue-specific insulin  receptor
knock-out (FIRKO) mouse model (Bluher
et al., 2002, 2004). Since FIRKO mice have
impaired glucose tolerance, severely altered
adipocyte function, and reduced fat mass,
EHD2 was proposed to play a role in adipo-
cyte differentiation. Also, a relative increase
of EHD2 mRNA expression during the later
stage of adipocyte maturation was detected
using a proteomic approach based on five-
plex SILAC (Molina et al., 2009). Both stud-
ies are in agreement with our findings, and
the latter study seems to reflect changes
during the maturation process of committed
cells, which fits our data of increased EHD2
protein expression at the onset of lipid
accumulation.

Although the molecular mechanisms
involved in fatty acid uptake/release and
triglyceride storage in adipocytes are not
yet fully resolved (Thompson et al., 2010),
it is widely accepted that intact caveolae
function is crucial for maintained lipid
uptake (Razani et al., 2002; Kim et al., 2008;
Ding et al., 2014) as well as signal transduc-
tion (Karlsson et al., 2004), even though the
role of caveolin-1 for the latter has been
reconsidered (Collins et al., 2012). Indeed,
in the past decade, a central role of cavin
proteins for caveolae assembly and function
has emerged (Bastiani et al., 2009; Kovtun
et al., 2015). Here, we found EHD2 and
caveolin-1 to increase simultaneously with
the onset of lipid storage during adipocyte
maturation in vitro and EHD2 to be localized
to the same structures as both caveolin-1
and cavin1, most likely representing caveo-
lae. Further, we show that in tissues from
caveolin-1-deficient mice, the EHD2 ex-
pression was completely suppressed. On
the basis of previous studies linking EHD2
to caveolae, we believe that EHD2 is neces-
sary to sustain caveolar function in adipo-
cytes, which is in line with previous reports in other cell systems
(Moren et al., 2012; Ludwig et al., 2013; Shah et al., 2014). The fact
that we found EHD2-silencing to impair both hormonal response
and lipid flux in cells during differentiation suggests that EHD2 is
required for intact adipocyte function.

Primary adipocytes, aside from being fully differentiated, hold
one large lipid droplet generated by esterification of exogenous
fatty acids, which is in contrast to 3T3-L1 adipocytes that accumu-
late triglycerides in multiple lipid droplets mainly formed by de
novo lipid synthesis. Whereas the biochemical steps of triglyceride
synthesis and hydrolysis are well characterized, the exact subcellular
sites for esterification and release of fatty acids and glycerol out of
the cell are less described, as reviewed in Thompson et al. (2010).
Possibly, fatty acids are accumulated in the caveolar membranes
and are subsequently endocytosed for further metabolism. In
human adipocytes, triglycerides were found to be synthesized in a
subclass of caveolae (Ost et al., 2005), which was also the site of
uptake of exogenous fatty acids. Surprisingly, we identified a
high spatial association of EHD2 and caveolin-1 close to

EHD2-T94A-ISO

EHD2-T94A-ISO
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(A) Confocal cross-section of primary human adipocyte showing distribution of EHD2 stained with antibody
(Abcam, red) and Hoechst (blue). Scale bar = 10 pm. (B, C) Levels of PPRE luciferase activity in response to
overexpression of caveolin-1, EHD2, or EHD2 mutants with single amino acid substitutions. All PPRE activity levels were
normalized to the levels of pRL null using a dual luciferase assay. In B, data are presented as fold of the PPRE luciferase
activity in the pcDNA3-transduced control sample within each experiment, n = 3 independent experiments. Data are
presented as mean + SD. In C, the data are expressed as fold of the PPRE luciferase activity in the EHD2-transduced
sample within each experiment. Data are presented as mean + SD, n = 3-7 independent experiments/group. *p < 0.05,
***p < 0.001. (D) Graphic summary illustrating the localization of EHD2, together with caveolin-1, close to cell
surface—associated lipid droplets that display lipolytic activity in primary human adipocytes. The dynamics of lipid
transport across the cell membrane are dependent on EHD2, likely in a caveolae-dependent manner, which indirectly
affects the transcriptional activity. Altogether, these data suggest that EHD2 plays a key role in maintaining adipocyte

function.

surface-associated lipid droplets in primary human adipocytes. The
presence of both AQP7 and phosphorylated perilipin-1 at these
lipid droplets, the latter highly enriched in response to adrenergic
stimulation, suggests that glycerol and fatty acid efflux could be
mediated via caveolae. Possibly, these lipid domains are formed by
lipid transfer from the large, central lipid droplet. In a recent study, it
was stated that caveolin-1-deficient endothelial cells displayed
impaired lipid droplet formation due to reduced lipolysis but not to
altered triglyceride formation (Kuo et al., 2018). The endothelial cell
models seem to differ since caveolin-1 deficiency in adipocytes
severely impairs the lipid storage capacity (Razani et al., 2002). Still,
the fact that we found overexpression of EHD2 to actually increase
the lipolytic activity and the presence of surface-associated lipid
droplets suggests that EHD2, possibly at the site of caveolae, could
play a role in regulating lipolysis.

Perilipin-1, one of the first identified lipid droplet-associated
protein (Greenberg etal., 1991), was recently proposed to segregate
into protein microdomains at the cell surface of human adipocytes
(Hansen et al., 2017). Still, no further description of the mechanistic
function, or relation between these protein domains and caveolae
or surface-associated lipid droplets, was provided. In an elegant
study by Ariotti et al. (2012), lipolysis was associated with the forma-
tion of microlipid droplets (mLD) that were reformatted into large
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lipid droplets following insulin treatment (Ariotti et al., 2012).
Reesterification of fatty acids also increased the formation of cyto-
solic mLD that was subjected to lipolytic activity in Hashimoto et al.
(2012). In agreement with previous reports, our data support the
existence of specialized lipid droplets that are regulated by hormone
action. Further, the fact that caveolin-1 and EHD2 previously were
identified at intracellular lipid droplets by mass spectrometry
(Blouin et al., 2010) fits our data of EHD2 and caveolin-1 localization.
Still, it is worth emphasizing that the narrow cytosolic space
(100-150 nm thin) in primary adipocytes restricts the ability to
resolve protein distribution between different pools of intracellular
lipid droplets using light microscopy, and we have herein focused
only on small lipid droplets close to the cell surface. Definitely, more
detailed analyses at the ultrastructural level, including live cell imag-
ing, are required to fully resolve the exact mechanisms by which
EHD2 regulates caveolar function and lipid flux in primary
adipocytes.

EHD2 has previously been described as a transcriptional core-
pressor (Pekar et al., 2012) and also to connect caveolae disassem-
bly with transcriptional regulation (Torrino et al., 2018). Here, we
found EHD2 overexpression to suppress the transcriptional activity
of the nuclear receptor PPARy. This was somewhat opposite the
situation in differentiating 3T3-L1 cells, where EHD2 silencing
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caused decreased PPARY2 expression, which we interpreted to
reflect halted maturation. Still, the two adipose models are distinct
from each other with respect to the degree of maturation, and the
results likely reflect different mechanisms. On the basis of our data,
we propose that in primary adipocytes, EHD2 can affect PPARy
activity indirectly by altering uptake of fatty acids, which function as
nuclear receptor ligands and thereby influence transcriptional
activity (Lee et al., 2003).

On the basis of previous structural analysis of the mutated EHD2
variants (Daumke et al., 2007; Moren et al., 2012; Shah et al., 2014;
Hoernke et al., 2017), we interpret their different capacities to
suppress PPARy activity to reflect their different impacts on the
behavior/function of caveolae. For instance, overexpression of the
1157Q variant, which stabilizes caveolae at the plasma membrane to
a high degree, causes the strongest reduction in PPRE activity. In
contrast, overexpression of the T?4A variant, which previously was
shown to stabilize caveolae to a lesser extent than 1157Q or EHD2
WT, had no effect on PPRE activity. Other EHD2 mutants tested
(T72A, F122A, and K328D) had similar effects on PPRE activity as
EHD2 WT, but were not as consistent between the experiments
(Supplemental Figure S4B). Independently of their various proper-
ties with respect to ATP hydrolysis, membrane, and ATP binding,
almost all EHD2 mutants tested localized to the plasma membrane
and to surface-associated lipid droplets in the human adipocytes.
The only exception was the K328D mutant, which displayed a more
pronounced association with lipid droplets that was difficult to inter-
pret (Supplemental Figure S3B). Still, the fact that overexpression of
caveolin-1 alone was sufficient to suppress PPARy activity to the
same extent as obtained with EHD2 WT supports the hypothesis
that the EHD2-induced effect is dependent on caveolae function.
PPARY has been shown to directly interact with caveolin-1 in lipid
raft fractions (Burgermeister et al., 2003, 2011), and we did observe
PPARY to be distributed not only in the nuclei but also in the plasma
membrane (Supplemental Figure S3C), which potentially suggests a
caveolae-dependent translocation of PPARY.

In summary, in this report we demonstrate that EHD2 is
up-regulated during adipocyte maturation in parallel with
caveolin-1 expression, and that EHD2 silencing seems to halt
differentiation and to affect insulin sensitivity and the ability to
both form and hydrolyze lipids. Further, we show that EHD2 is
located at caveolae, close to novel cell surface-associated lipid
droplets structures that display lipolytic activity. Taking the results
together, we suggest that the dynamics of lipid transport across
the cell membrane are dependent on EHD2, likely in a caveolae-
dependent manner (summarized in Figure 8D).

MATERIALS AND METHODS

Materials

3T3-L1 cells were purchased from the American Type Culture
Collection, and the Quantifast SYBR Green RT-PCR kit was from
Qiagen (Holden, Germany). The PPRE-X3-TK-Luc reporter plasmid
was a kind gift from Bruce Spiegelman (Harvard University) (Addgene
plasmid #1015), and the pcDNA3.3-eGFP plasmid was a kind gift
from Derrick Rossi (Harvard University) (Addgene plasmid #26822).
RFP-tagged caveolin-1, GFP-tagged EHD2 WT, and variants were
kindly provided by Richard Lundmark (Umea University, Sweden) and
Oliver Daumke (MDC, Germany). Adenoviral vectors for GFP and
EHD2 (GenBank accession numbers CU013410 and BC113161) were
produced by Vector Biolabs (Philadelphia, PA). Heat shock protein
(HSP) 90 antibody was from BD Transduction Laboratories (Franklin
Lakes, NJ). FAS, caveolin-1, IRS-1 total and pT612, ACC, FABP4/ap2,
ATGL, C/EBPa, PKB total and pS473, and HSL total and pS563
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antibodies were from Cell Signaling Technologies (Danvers, MA). The
anti—perilipin-1 antibodies were from Vala Science (San Diego, CA),
and the antibodies against EHD2 (ab154784), AQP7, cavin1, and
antibody conjugation kit were from Abcam (Cambridge, UK). The
total HSL antibody was kindly provided by Cecilia Holm (Lund
University). Fluorescence—conjugated (Alexa Fluor) secondary anti-
bodies and BODIPY were purchased from Molecular Probe (Waltham,
MA). Reagent for determination of glycerol content (F6428) was from
Sigma-Aldrich (St. Louis, MO).

Human and animal studies

The human studies and animal procedures were approved by the
local ethical committee. The human tissue was collected after
written informed consent from the patients.

Preparation of primary adipocytes and adenoviral
overexpression

Subcutaneous white adipose tissue was removed during recon-
structive surgery, and primary adipocytes were isolated from the
tissue using an established protocol (Rodbell, 1964). The patients,
all female, were without known diabetes (type 1 or type 2) or thy-
roid gland dysfunction. In experiments using mouse adipocytes or
adipose tissue, cells were isolated from epididymal fat pads from
c57BI/6J male mice (Taconic) or caveolin-1 KO mice (Sadegh et al.,
2011). Isolated cells were suspended (20% [vol/vol]) in Krebs-
Ringer Bicarbonate HEPES (KRBH) buffer, pH 7.4, containing
200 nM adenosine and 1% (wt/vol) bovine serum albumin (BSA).
Cells used for adenoviral overexpression were suspended in
DMEM with penicillin/streptomycin (100 U/ml and 100 pg/ml, re-
spectively), 200 nM phenyl-isopropyl-adenosin (PIA), and 3.5%
(wt/vol) BSA and cultured at 5% CO,, 37°C for 72 h with EHD2 or
control (GFP) virus. In the adenoviral overexpression experiments,
400 pl of isolated adipocytes per condition (Ad-GFP or Ad-EHD2)
was cultured in 1100 pl of supplemented DMEM (described
above). After virus incubation, the cells were washed in KRBH
buffer, followed by stimulation according to the figures.

Cell culture and EHD2 silencing

3T3-L1 fibroblasts were cultured and differentiated as previously
described (Hansson, 2017). In short, cells were cultured at sub-
confluence in DMEM containing 10% fetal calf serum (FCS) (vol/
vol) and 1% penicillin/streptomycin (vol/vol) in an atmosphere
with 5% CO, at 37°C. For differentiation, cells were incubated
with DMEM containing 10% (vol/vol) FCS, penicillin/streptomycin
(100 U/ml and 100 pg/ml, respectively), 0.5 mM 3-isobutyl-L-
methylxanthine, 10 pg/ml insulin, and 1 uM dexamethasone for
72 h for 2 d postconfluence (designated day 0). Thereafter,
cells were cultured in DMEM containing 10% (vol/vol) FCS
and penicillin/streptomycin until day 11. EHD2 silencing was
performed as previously described (Hansson, 2017) by electro-
poration at day 4 using siRNA targeting EHD2 (MSS281816) or
scrambled siRNA (SCR) (negative control; #12935300; Invitrogen,
Waltham, MA).

Glycerol release

To measure glycerol release, cells were washed in KRH medium with
3% BSA and treated with ISO as indicated in the figures for 1 h. Cell
medium was subsequently removed for enzymatic determination of
the glycerol content. In short, 100 pl free glycerol reagent was
added to 30 pl sample. Absorbance at 540 nm was measured after
incubating for ~15 min at room temperature. Each sample was ana-
lyzed in duplicate.
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Confocal and TIRF imaging

Imaging was performed using a Nikon A1 plus confocal microscope
with a 60x Apo DIC oil immersion objective with a NA of 1.40 (Nikon
Instruments) and appropriate filter sets. Images were acquired with
NIS-Elements, version: 4.50.02 (Laboratory Imaging). For TIRF
imaging, we used a commercial TIRF system based on a Nikon Ti-E
eclipse microscope equipped with a 100x Apo TIRF DIC oil
immersion objective with a NA of 1.49 (Nikon Instruments), an iXon
Ultra DU-897 EMCCD camera (Andor Technology), and four main
laser lines: 405 (Cube, Coherent), 488 (Melles-Griot), 561 (Sapphire,
Coherent), and 640 (Cube, Coherent) with corresponding filter sets.
Images are usually acquired at a generous TIRF angle to allow imag-
ing of protein stains related to lipid droplets, such as phospho-
perilipin-1. Isolated cells were fixed using 4% paraformaldehyde
and labeled with antibodies in a buffer containing 1% BSA, 1% goat
serum, and 0.05% saponin 1-2 h per labeled antibody. For neutral
lipid staining, BODPIY was used in conjunction with confocal
imaging. TIRF microscopy was used to detect protein stain only. For
imaging of adipocytes, we used previously described protocol
(Wasserstrom et al., 2018).

Western blot

Following incubations, cells were washed with KRH medium without
BSA and subsequently lysed in a buffer containing 50 mM Tris-HCI,
pH 7.5, 1 mM ethylene glycol tetraacetic acid, 1 mM EDTA, 0.27 M
sucrose, 1% NP-40, and complete protease- and phosphatase-
inhibitor cocktail (Roche, Basel, Switzerland). Lysates were centri-
fuged for 10 min at 13,000 x g, and protein concentrations were
determined using the Bradford method. Samples were subjected
to PAGE and electro-transfer to nitrocellulose membranes. Mem-
branes were blocked with nonfat dry milk (10% [wt/vol]) and probed
with the indicated antibodies. Detection was performed using
horseradish peroxidase-conjugated secondary antibodies and
enhanced chemiluminescence reagent. The signal was visualized
using a Bio-Rad Image camera (Bio-Rad, Hercules, CA).

Plasmid transfection and luciferase activity assays

Adipocytes were transfected as previously described (Lizunov et al.,
2013). In short, isolated adipose cells were suspended (40% [vol/
vol]) in DMEM supplemented with penicillin/streptomycin (100 U/ml
and 100 pg/ml, respectively) and 200 nM PIA. Cells were electropor-
ated using a square-wave pulse, 400 V, 12 ms, and one pulse
(Harvard Apparatus, Holliston, MA) with plasmids as indicated
(protein encoding plasmid:reporter:control at 20:10:1). After elec-
troporation, the cells were transferred into DMEM with penicillin/
streptomycin, PIA, and 3.5% (wt/vol) BSA and cultured for 20 h at
37°Cin 5% CO2. Thereafter, the cells were lysed in Promega passive
lysis buffer, and the lysates were centrifuged at 1000 x g for 10 min
at 4°C to separate the protein lysate (infranatant) from the fat.
Luciferase activity was measured in a Glomax luminometer
(Promega) using the Dual Luciferase Reporter system (Promega).

Statistical analysis

Analysis was performed by one-way analysis of variance and multiple
comparisons, or Student's t test when appropriate, using GraphPad
Prism 6 (Graphpad Software) software. Significance was determined
according to *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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