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Perilipin 2 and lipid droplets provide reciprocal stabilization
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Abstract The lipid droplet (LD)-associated protein adipose differentiation-related protein (ADRP or PLIN2) is
required for the formation and stability of the LD organelle, whereas its biological roles are still
obscure. Herein, we show that PLIN2 is the most abundant protein on the lipid droplets (LDs) of mouse
myoblast cell line C2C12. Both the expression of PLIN2 and the accumulation of LDs were up-regulated
in a time- and dose-dependent manner when the cells were treated with oleate (OA). The protein level
of PLIN2 was positively correlated with the formation of LDs, suggesting that LDs stabilize PLIN2.
Furthermore, knocking out PLIN2 in C2C12 cells led to enlarged LDs and higher triacylglycerol
hydrolysis activity. The isolated PLIN2 null LDs became closely contact with mitochondria and other
cellular organelles. Additionally, mitochondrial activity was suppressed by OA in PLIN2 null cells. Our
results reveal the pivotal roles of PLIN2 in governing LD dynamics and their relationship to mito-
chondria, and suggest a reciprocal stabilization between PLIN2 and LDs.
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INTRODUCTION

Obesity develops when energy intake exceeds energy
expenditure, leading to lipid accumulation in adipose
tissues and nonadipose tissues (e.g., liver, muscle, etc.),
which alters systemic metabolism and can lead to
metabolic syndrome (Murphy et al. 2009; Unger et al.

Shimeng Xu, Fei Zou and Zhiqing Diao have contributed equally to
this work.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s41048-019-0091-5) contains
supplementary material, which is available to authorized users.

& Correspondence: liangb@mail.kiz.ac.cn (B. Liang),
pliu@ibp.ac.cn (P. Liu)

� The Author(s) 2019 145 | June 2019 | Volume 5 | Issue 3

Biophys Rep 2019, 5(3):145–160
https://doi.org/10.1007/s41048-019-0091-5 Biophysics Reports

https://doi.org/10.1007/s41048-019-0091-5
http://crossmark.crossref.org/dialog/?doi=10.1007/s41048-019-0091-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s41048-019-0091-5&amp;domain=pdf
https://doi.org/10.1007/s41048-019-0091-5


2010). Lipid droplets (LDs) are highly dynamic orga-
nelles that are composed primarily of triacylglycerol
(TAG) and sterol esters (SE), which form a neutral lipid
core, and are wrapped by a monolayer of phospholipids
with numerous resident proteins (Brown 2001). LDs
serve as the primary mobile cellular reservoir for lipid-
based energy and membrane precursors (Fujimoto and
Parton 2011). The dynamic of LDs has been considered
as an important indicator for the metabolic states of
cells and tissues (Greenberg et al. 2011). For example,
excessive lipid accumulation in LDs can lead to obesity,
fatty liver, diabetes, and atherosclerosis. Similarly, a lack
of lipid or LDs can lead to diseases such as neutral lipid
storage disease and lipodystrophy.

Perilipin1 (PLIN1), adipocyte differentiation-related
protein (ADRP/PLIN2), Tip47 (PLIN3), S3-12 (PLIN4),
and OXPAT (PLIN5), also collectively called ‘‘PAT’’ family
proteins, were recently renamed the Perilipins (PLIN)
1–5 (Kimmel et al. 2010) and are the main structural
proteins of LDs (Bickel et al. 2009; Brasaemle 2007;
Greenberg et al. 2011; Walther and Farese 2012). Of
which, PLIN2 is ubiquitously expressed as a lipid dro-
plet (LD)-associated protein (Brasaemle et al. 1997),
and has been shown to play a key role in LD formation
(Fukushima et al. 2005) and maintenance of lipid
homeostasis. PLIN2 is thought to be involved in both LD
biogenesis and the regulation of lipolysis, primarily in
adipocytes, but also in other cells and tissues (Chang
et al. 2006; Listenberger et al. 2007; Robenek et al.
2006). PLIN2 null mice display reduced hepatic lipids,
and are resistant to diet-induced fatty liver without
detectable changes in TAG synthesis, or fatty acid
uptake, synthesis, or b-oxidation (Chang et al. 2006;
McManaman et al. 2013). Furthermore, PLIN2 null ob/
ob mice (leptin-/-) show improved insulin sensitivity
and reduced hepatosteatosis compared to controls that
are only leptin-deficient (Chang et al. 2010). Addition-
ally, in vitro results reveal that overexpression of PLIN2
increases both TAG accumulation and LD formation
(Fukushima et al. 2005; Larigauderie et al. 2006; Lis-
tenberger et al. 2007), which may be as the result of the
reduced LD localization of adipose triglyceride lipase
(ATGL) and the slowdown of TAG turnover (Listen-
berger et al. 2007). Conversely, knockdown of PLIN2 in
macrophages is shown to decrease cellular lipids and
LD size and number (Larigauderie et al. 2006). These
results demonstrate an important role of PLIN2 in the
regulation of LD dynamic and TAG metabolism.

Skeletal muscle is a crucial metabolic organ which
plays an important role in energy expenditure. The
overall amount of TAG in skeletal muscle is quite small
compared to that in adipose tissue, but an increase in
skeletal muscle TAG is a major contributor to insulin

resistance (Kelley et al. 1999; Pan et al. 1997). In
skeletal muscle, PLIN2 is the most abundantly expres-
sed PLIN protein (Brasaemle et al. 1997; Heid et al.
1998; MacPherson and Peters 2015b; Minnaard et al.
2009; Peters et al. 2012). PLIN2 overexpression either
in vitro or in vivo increases intramyocellular LD accu-
mulation and TAG storage, and also improves skeletal
muscle insulin sensitivity, whereas PLIN2 knockdown
displays opposite effects (Bosma et al. 2012). However,
the exact relationship between PLIN2 expression and
TAG accumulation is still unclear (MacPherson and
Peters 2015a). In addition, PLIN2 distribution and
association with LDs remain ambiguous. For example,
PLIN2 was reported to highly co-localize to the LD
surface in isolated rat soleus fibers (Prats et al. 2006),
whereas other studies have found contradictory results
in isolated rat soleus muscle (MacPherson et al. 2012)
and human vastus lateralis (Shaw et al. 2009).

Thus, to explore the role of PLIN2 in skeletal muscle,
we isolated LDs from the mouse myoblast cell line
C2C12. We found that PLIN2 was the most abundant
protein on the LDs, and its expression was up-regulated
in a time- and dose-dependent manner in the presence
of oleate (OA). The accumulation of TAG and the for-
mation of LDs may promote the stability of the PLIN2
protein. Knock out (KO) of PLIN2 in C2C12 cells led to
larger LDs that were fewer in number under both basal
and OA treatment, and also resulted in higher hydrolysis
activity during OA treatment, compared to wild type
(WT) cells. The KO of PLIN2 increased the contact
between LDs and mitochondria, and inhibited mito-
chondrial activity during OA treatment.

RESULTS

Oleate (OA) upregulates PLIN2 expression
and lipid droplet (LD) expansion

Excessive accumulation of lipids in LDs has been linked
to many metabolic disorders. The roles of ubiquitously-
expressed LD structure protein PLIN2 in the lipid
accumulation of LDs remains elusive. To do so, we cul-
tured C2C12 myoblasts in the presence or absence of OA
to induce a model of lipid overload. From these cells LDs
were isolated and biochemical measurements were
made to determine the purity of isolated LDs. First, we
compared the protein profile of isolated LDs to other
cell fractions using silver staining. Proteins extracted
from LDs displayed a relatively simple pattern that was
obviously distinct from the protein profiles of the other
three cellular fractions, including post-nuclear super-
natant (PNS), total membranes (TM), and cytosol (Cyto)
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(Fig. 1A). The purity of isolated LDs was further asses-
sed by the relative enrichment of LD-associated proteins
PLIN2 and PLIN3, and the absence of markers that
correspond to other intracellular compartments, lyso-
some protein Lamp1, ER protein Bip, mitochondrion
protein Tim23, and cytoplasmic protein GAPDH. As
previously reported (Liu et al. 2004), the plasma
membrane protein Cav-1 was also found in the LD
fraction, and its expression was induced by OA treat-
ment (Fig. 1A). Collectively, these results suggest that
the isolated LD fraction from C2C12 cells might be lar-
gely free of contamination.

OA treatment increased the expression of the most
abundant band in the LD fraction (Fig. 1A). ImageJ
analysis showed that the density of this band occupied
about 25% and 41% of total LD proteins in the absence
or presence of OA, respectively (Fig. 1B). Therefore, this
band was sliced and then subjected to mass spectrom-
etry (MS) analysis. Its major protein was identified as
PLIN2 (supplementary material Table S1). Consistent
with the MS results, immunoblot results also confirmed
that the expression of PLIN2 was increased in the LD
fraction with OA treatment (Fig. 1A).

To investigate the relationship between the expres-
sion of PLIN2 and the formation of LDs, we treated
mouse C2C12 myoblasts with 200 lmol/L OA for the
indicated times or with different concentrations of OA
for 12 h (Fig. 1C, D). The mRNA and the protein levels
of PLIN2 were up-regulated by OA treatment in a dose-
and time-dependent manner (Fig. 1C, D). The protein
level of PLIN2 increased much more dramatically than
its mRNA level, implying that OA may enhance the sta-
bility of the PLIN2 protein. In addition, PLIN2–EGFP
knock-in (KI) C2C12 cells also showed that the intensity
of GFP fluorescence was enhanced in a time- and dose-
dependent manner under OA incubation (Fig. 1E, F,
supplementary material Fig. S1B). Similarly, TAG con-
tent was significantly increased by OA incubation in a
time-dependent manner (Fig. 1G). OA treatment also
dramatically increased LD number and size, concomi-
tant with the accumulation of TAG (Fig. 1H). Therefore,
these results demonstrate that both PLIN2 and LDs are
up-regulated by OA.

Disruption of lipid droplets (LDs) reduces
the stability of PLIN2

Since the expression of PLIN2 is positively related to
TAG accumulation and LD formation during OA treat-
ment, we asked whether PLIN2 expression promotes
TAG accumulation and LD formation; or, conversely,
whether TAG accumulation and LD formation induce
PLIN2 expression and stabilization. To answer this

question, we constructed cell models that contained
reduced TAG and LDs to detect the level of PLIN2
expression during the incubation with OA. Diacylglyc-
erol acyltransferase 1 and 2 (DGAT1/2) are the key
enzymes in the final, committed step of TAG biosyn-
thesis (Yen et al. 2008). ATGL plays a key role in the
hydrolysis of TAG (Villena et al. 2004; Zimmermann
et al. 2004, 2009). We therefore constructed Atgl over-
expressed (OE) and Dgat1/Dgat2 double knock-out
(DKO) C2C12 cell lines (Fig. 2D, supplementary material
Fig. S2) to reduce the accumulation of TAG and LDs
during incubation with OA.

The Dgat1/Dgat2 DKO cells accumulated much less
TAG and formed much fewer LDs during OA treatment
(Fig. 2A, B). Interestingly, we found that the mRNA level
of PLIN2 was induced during OA incubation in the
Dgat1/Dgat2 DKO cells to a degree similar to WT cells
(Fig. 2C), whereas the protein expression level of PLIN2
was not induced in Dgat1/Dgat2 DKO cells (Fig. 2D).
Therefore, it appears that accumulation of LDs is
required to stabilize the PLIN2 protein and thus LDs
perform a crucial role in protecting PLIN2 from rapid
degradation.

We then treated C2C12 cells with palmitate (PA) and/
or OA, and measured the expression and accumulation
of PLIN2 and LDs to verify this finding (Coll et al. 2008;
Gao et al. 2009; Peng et al. 2011; Salvado et al. 2013).
PA and PA plus OA dramatically induced PLIN2 mRNA
expression even greater than OA (Fig. 2E). However, PA
treatment did not increase the level of PLIN2 protein,
unlike treatment with OA or PA plus OA (Fig. 2G).

PA induced the formation of many fewer LDs than OA
or PA plus OA, as expected (Fig. 2F). In addition, the
expression level of exogenous PLIN2-MYC protein was
much lower in PA-treated cells than in the cells that
were incubated with OA and PA plus OA (Fig. 2G). Since
the transcriptional levels of exogenous PLIN2-MYC
could not be stimulated by free fatty acid, the higher
expression level of its protein represents an increase in
stability of the protein in OA- or PA plus OA-treated cells
(Fig. 2F, G). The results further strengthen the conclu-
sion that LDs enhance the stability of PLIN2.

Depletion of PLIN2 enhances lipid droplet size
and lipolysis

The results described indicate that OA stimulated both
PLIN2 expression and LD formation and that the for-
mation of LDs stabilized the newly manufactured PLIN2.
We then asked whether PLIN2 affects the formation and
dynamics of LDs since it is the most abundant protein
on LDs of C2C12 cells. To do so, PLIN2 KO C2C12 cells
were generated. Previous work showed that methionine
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Fig. 1 Both PLIN2 and LDs are up-regulated by free fatty acids. A Silver staining and Western blot analysis of proteins from LDs and
other fractions of C2C12 cells after treatment with or without OA. The band indicated by the red arrow was sliced for MS analysis. Marker
proteins of cellular components were used to verify the purity of LDs (PLIN2/3: LDs, Cav-1: plasma membrane, Lamp1: lysosome, Bip: ER,
Tim23: mitochondria, GAPDH: cytosol). B Quantification of silver stained LD proteins by ImageJ. C, D The mRNA and the protein levels of
PLIN2 in C2C12 cells after treatment with OA at the indicated concentrations (C) or times (D). These results had at least three biological
repeats. E, F EGFP fluorescence intensity of PLIN2-EGFP KI C2C12 cells after treatment with OA at the indicated concentrations (E) or
time (F). Scale bar, 20 lm. G The TAG content (TAG/protein) in C2C12 cells after treatment with OA for the indicated times. Data were
collected from two biological repeats. H LD fluorescence intensity in C2C12 cells after treatment with OA. LDs were stained with LTR and
imaged with a confocal microscope. Scale bar, 5 lm
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123 of the PLIN2 coding sequence might represent an
initiation site of a short isoform of mouse PLIN2 (Rus-
sell et al. 2008). Thus, we designed two targets to knock
out PLIN2, with one between amino acids (aa) 166–172
and the other between aa 79–86. Finally, two clones,
T1C13 (PLIN2 KO Target1 clone13) and T2C9 (PLIN2
KO Target2 clone9), were isolated for further study
(Fig. 3A, B).

We measured the accumulation of TAG in the PLIN2
KO cells since TAG is the major neutral lipid stored in

LDs of C2C12 cells (data not shown). We treated WTand
T1C13 cells with or without OA for 12 h. There was no
significant difference in TAG content between untreated
WTand PLIN2 KO cells (Fig. 3C). However, when treated
with OA, T1C13 cells accumulated significantly less TAG
compared to WT cells (Fig. 3C).

Next, we asked whether the reduced TAG accumula-
tion in PLIN2 KO cells was due to an imbalance between
TAG synthesis and lipolysis. The empty vector-trans-
fected (EV) and PLIN2 KO C2C12 cells were treated with

Fig. 2 Disruption of LDs reduces the stability of PLIN2. A TAG content (TAG/protein) of WT, Atgl overexpressed, and Dgat1/Dgat2 DKO
C2C12 cells after treatment with OA and 0.5 lCi/mL 3H-OA for 6 h. B LD fluorescence intensity of WT and Dgat1/Dgat2 DKO C2C12 cells
after treatment with or without OA for 12 h. LDs were stained with LTR and were imaged by confocal microscope. Scale bar, 5 lm.
C, D The mRNA (C) and protein (D) levels of PLIN2 in WT, Atgl overexpressed, and Dgat1/Dgat2 DKO C2C12 cells after treatment with or
without OA for 6 h. Data were collected from two biological repeats. E, F The mRNA level of PLIN2 (E) and the LD fluorescence intensity
(F) of C2C12 cells after treatment with PA and/or OA. LDs were stained with LTR and were imaged with a confocal microscope. Scale bar,
10 lm. The results from E had at least three biological repeats. G The protein expression level of endogenous PLIN2 and exogenous
PLIN2-MYC of C2C12 cells after treatment with PA and/or OA. All the data presented as mean ± SEM. Significant difference between two
groups, **p\0.01, ***p\ 0.001
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or without lipase inhibitors (Atglistatin for the inhibi-
tion of ATGL, CAY10499 for the inhibition of HSL), along
with OA plus a trace amount of 3H-OA for 12 h. The EV
cells accumulated more TAG than PLIN2 null cells
without lipases inhibitors (Fig. 3D). However, both
clones of PLIN2 KO cells (T1C13 and T2C9) accumu-
lated slightly more TAG than EV cells in the presence of
lipases inhibitors (Fig. 3D).

Consistently, the expression of both HSL and phos-
phorylated HSL was increased in the LD fraction of
PLIN2 KO cells over that of WT cells while the expres-
sion of ATGL was slightly reduced (Fig. 3F). The purity
of the LD fractions from WT and T1C13 cells was ana-
lyzed and the results shown in supplementary material
Fig. S3. The LD fractions were significantly different
from the other cellular fractions by silver staining, and

LD marker proteins PLIN2 and PLIN3 were highly
enriched in the LD fractions (Fig. S3 Lanes 1 and 5).

When the cells were treated with lipases inhibitors
and OA plus trace amount 3H-OA for the indicated times,
the WT and T1C13 cells showed no significant differ-
ences in the incorporation rate of 3H-OA (Fig. 3E). Taken
together, these lines of evidence suggest that PLIN2
probably increases TAG accumulation during OA incu-
bation in C2C12 cells by preventing TAG hydrolysis,
rather than by promoting TAG synthesis.

Upon determining that PLIN2 was important for the
storage of TAG, we tested if PLIN2 would influence the
morphology of LDs. To do so, the WT and PLIN2 KO cells
were treated with or without OA for 12 h, and were
then stained with LipidTox Red (LTR) for LDs and
Hoechst for the nucleus. Compared with WT cells,

Fig. 3 Depletion of PLIN2 enhances LD lipolysis. A The diagram of the two targets used in the PLIN2 genomic KO. The gRNAs of PLIN2
was targeted to Exon5 (Target1) and Exon4 (Target2) respectively. B Western blot of PLIN2 to verify the KO of PLIN2 in C2C12 cells.
C TAG accumulation (TAG/protein) of WT and PLIN2 KO C2C12 cells after treatment with or without OA for 12 h. D EV and PLIN2 KO
C2C12 were treated with OA, 0.5 lCi/mL 3H-OA with or without lipase inhibitors for 12 h. After treatment the tritium was counted. E WT
and T1C13 cells were treated with OA, 0.5 lCi/mL 3H-OA and lipase inhibitors. TAG was extracted at the indicated times and the 3H-TAG
was counted. F Western blot analysis of isolated LD proteins (TAG lipolysis enzymes) from WT and T1C13 cells after treatment with OA.
Data presented as mean ± SEM. Significant difference between two groups, **p\ 0.01. The results from C, D and E had at least three
biological repeats
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T1C13 and T2C9 cells showed fewer but larger LDs
either with or without OA treatment (Fig. 4A). This
visual impression was confirmed by quantification of
size (Fig. 4B) and number (Fig. 4C). Thus, PLIN2 plays
an important role in maintaining LD morphology.

Next, LDs from WT and T1C13 cells were isolated to
study the differences between them at a subcellular
level. Consistent with the cellular level study, the iso-
lated LDs of T1C13 cells were larger than those from
WT cells by morphological (Fig. 4D) and granulometric
measures (Fig. 4E). The purity of the isolated LDs was
determined as previously described (supplementary
material Fig. S3). As visualized through silver staining,
proteins extracted from LDs from T1C13 cells displayed
more proteins than LDs from WT cells (supplementary
material Fig. S3). A prominent band was conspicuously
absent in the LD proteins from T1C13 cells (supple-
mentary material Fig. S3 Lane 5 Band 2), confirming the
identity of this band as PLIN2 in C2C12 LDs (Fig. 1A, B).
In addition, a new band of approximately 55 kDa was
detected in the proteins from the KO cell LDs (supple-
mentary material Fig. S3, Lane 5 Band 1), which was
identified as PLIN3 by proteomic analysis (supplemen-
tary material Table S2).

LDs isolated from PLIN2 KO cells were larger than
those from WT cells (Fig. 4D, E), which may be due to
the compensatory expression of PLIN3 on LDs. To test
this possibility, PLIN3 was knocked out in T1C13 cells,
and then the LDs of these DKO cells were isolated and
examined (supplementary material Fig. S4A and B). The
size of LDs isolated from the DKO cells was larger than

those from the EV cells (supplementary material
Fig. S4C), suggesting that the compensatory expression
of PLIN3 on PLIN2 null LDs was not the reason for the
enlarged LDs in the PLIN2 KO cells. Together, these data
indicate that PLIN2, the protein stability of which is
dependent on the formation of LDs, maintains certain
LD size and number and protects TAG from lipolysis in
return.

PLIN2 null lipid droplets (LDs) closely contact
with mitochondria

LDs have been reported to contact other intracellular
organelles including the endoplasmic reticulum (ER)
(Ozeki et al. 2005), mitochondria (Pu et al. 2011), per-
oxisomes (Binns et al. 2006; Schrader 2001) and endo-
somes (Liu et al. 2007). As the most abundant protein on
the LDs of C2C12 cells, PLIN2 may be involved in medi-
ating these interactions. To investigate this possibility,
LDs isolated from WT and T1C13 cells (supplementary
material Fig. S3) were probed for the marker proteins of
the other intracellular organelles byWestern blot (Fig. 5).
The levels of mitochondrial (Cpt1a, Cpt1b, Acsl1, Opa1,
and Mfn1), ER (PDI and BIP), plasma membrane (Cav-1),
and lysosomal (Lamp1) proteins were markedly
increased in the LD fractions from T1C13 cells compared
with those from WT cells (Fig. 5A).

Among all the proteins analyzed, the mitochondrial
proteins were most dramatically increased (Fig. 5A),
even though there were no significant differences in the
cellular expression levels between WT and T1C13 cells

Fig. 4 Depletion of PLIN2 enhances LD size. A Confocal images of WT and PLIN2 KO cells stained with Hoechst and LTR. Scale bar, 10 lm.
B, C Quantification of LDs size (B) and number (C) from confocal images analyzed by ImageJ. N C 18. These two data were reproducible
from two biological repeats. D, E LDs of WT and T1C13 cells isolated after OA treatment. LTR staining of isolated LDs visualized using the
Zeiss AxioImager M2 Imaging System, scale bar, 20 lm (D). The size of the isolated LDs was measured by a Delsa Nano C particle analyzer
(E). Data presented as mean ± SEM. Significant difference between two groups, **p\ 0.01
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Fig. 5 PLIN2 null LDs closely contact with mitochondria. A Western blot analysis of LDs isolated from WT and T1C13 cells after
treatment with OA. Cpt1a, Cpt1b, Acsl1, Opa1, Mfn1, VADC1, and Tim23 were markers for mitochondria; PDI and Bip were for ER; Cav-1
was for plasma membrane; Lamp1 was for lysosome; GAPDH was for cytosol. B Western blot analysis of whole cell lysates of WT and
PLIN2 KO cells after treatment with or without OA. C Confocal microscopy of LDs isolated from OA-treated EV and PLIN2 KO C2C12 cells.
LTG for LDs and MR for mitochondria. White arrows indicate the close connection between LD and mitochondrion. Scale bar, 10 lm.
D Confocal microscopy of LDs isolated from OA-treated EV and PLIN2 KO C2C12 cells. All cell types were transfected with Cpt1a-EGFP
before OA treatment. White arrows indicate the close connection between LD and Cpt1a-EGFP. Scale bar, 10 lm. E EM of the
ultrastructure of isolated LDs with or without PLIN2. Black arrows indicate LD connected to mitochondria. Scale bar, 0.5 lm. F EM of the
ultrastructure of LDs in EV and PLIN2 KO C2C12 cells. Black arrows indicate the interaction sites between LDs and mitochondria. White
arrows indicate LD connected to mitochondria. Scale bar, 0.5 lm and 1 lm. M: mitochondrion; L: LD; N: nucleus; LS: lysosome
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(Fig. 5B). This raised the question whether deletion of
PLIN2 led to closer contact between LDs and mito-
chondria; or, alternatively, the re-localization of mito-
chondrial proteins to LDs. To address this question, LDs
were isolated from OA-treated EV and PLIN2 KO cells
(T1C13 and T2C9 clones) and were then double stained
with LipidTox Green (LTG) and Mitotracker Red (MR).
PLIN2 null LDs indeed showed more highly abundant
punctate red signals on their surface than LDs from EV
cells, suggesting an increased interaction between
PLIN2 null LDs and mitochondria (Fig. 5C). Further-
more, LDs from OA-treated Cpt1a-EGFP-transfected EV
and PLIN2 KO cells (supplementary material Fig. S5)
were isolated and stained with LTR. In agreement with
the findings with MR, PLIN2 null LDs showed much
more connected green signal on their surface than that
of EV cells (Fig. 5D). The cellular expression level of
Cpt1a-EGFP in the EV cells and PLIN2 KO cells did not
differ significantly (supplementary material Fig. S5).
Moreover, transmission electron microscope (TEM)
images showed that PLIN2 null LDs closely interacted
with mitochondria as indicated by black arrows
(Fig. 5E, F). Collectively, these results suggest that
PLIN2 is a key player in the regulation of interactions
between LDs and the other intracellular organelles,
especially mitochondria.

Oleate (OA) inhibits mitochondrial oxidative
phosphorylation in PLIN2 null cells

The observation that interaction between LDs and mito-
chondria was dramatically increased in PLIN2 KO cells
(Fig. 5A) raised the question whether the function of
mitochondria would be affected. To answer this question,
mitochondrial function was directly assessed by mea-
suring cellular respiration in the EV and PLIN2 KO cells
treatedwith orwithout OA. The oxygen consumption rate
(OCR) (Fig. 6A) and linkedATPproduction (Fig. 6B)were
decreased significantly in PLIN2 KO cells compared to the
EV cells after treatment with OA. Even though the basal
OCR did not change much (Fig. 6C), both the maximal
OCR and the spare respiration capacity of PLIN2 KO cells
were significantly inhibited after OA treatment (Fig. 6D
and E). Taken together, these data suggest a dramatic
decrease in mitochondrial respiration activity, especially
after OA treatment, when PLIN2 is disrupted.

Previously, we found that cold treatment of mice
could induce TAG hydrolysis, accompanied with closer
interactions between LDs and mitochondria in brown
adipose tissue (Yu et al. 2015). Thus, the accelerated
TAG hydrolysis in PLIN2 null LDs (Fig. 3D, E) might
activate mitochondria, inducing close interaction
between LDs and mitochondria. To examine this, EV and

PLIN2 KO C2C12 cells were treated with or without
lipases inhibitors (Atglistatin for the inhibition of ATGL,
CAY10499 for the inhibition of HSL), and OA plus trace
amount 3H-OA for 12 h. The LDs were then isolated as
previously described and LD proteins were extracted for
silver staining and Western blot detection (supplemen-
tary material Fig. S6). The association of mitochondrial
proteins (Cpt1a, Cpt1b, Opa1, and Mfn1) with LDs was
not blocked by lipase inhibition; rather a slight increase
was seen (supplementary material Fig. S6). Therefore,
the interaction between LDs and mitochondria may be
independent of accelerated TAG hydrolysis in PLIN2 KO
cells.

DISCUSSION

In this study, we show that OA induced the expression of
PLIN2 and the formation of LDs. Disruption of LDs
reduces the stability of PLIN2 during OA treatment
despite the increased PLIN2 transcriptional level.
Depletion of PLIN2enhances LD size and lipolysis activity,
which indicates that PLIN2 and LDs reciprocally stabilize
each other. In addition, our results also suggest that
PLIN2 null LDs have weaker organelle compartmental-
ization as PLIN2 null LDs show enhanced interactions
with the other cellular organelles, especially mitochon-
dria. The increased interaction of LDs and mitochondria
may contribute to inhibition of mitochondrial oxidative
phosphorylation in PLIN2 KO cells during OA treatment.
These results suggest that PLIN2 and LDs reciprocally
stabilize each other and PLIN2 helps alleviate mito-
chondrial stress during OA treatment.

The data described herein bring us a step closer to a
more complete understanding of PLIN2 function on LDs.
PLIN2 is known to be abundantly expressed in skeletal
muscle (Bosma et al. 2012; Brasaemle et al. 1997; Heid
et al. 1998; MacPherson and Peters 2015b; Minnaard
et al. 2009; Peters et al. 2012). We found that PLIN2 was
the most abundant protein in the proteome of LDs
isolated from the mouse myoblast cell line C2C12 and
that, as expected, PLIN2 null LDs lack this abundant
band by silver staining (supplementary material
Fig. S3). The abundance of PLIN2 on LDs of C2C12 cells
increased during OA treatment (Fig. 1B). The increased
abundance of PLIN2 on LDs of OA-treated C2C12 cells
plays an important role for the stability of the expanded
LDs (Thiam et al. 2013).

Treatment with OA dramatically increases the mRNA
and protein levels of PLIN2 in C2C12 cells, which is
consistent with the previous reports (Bosma et al. 2012;
de Wilde et al. 2010). Furthermore, the increase of
PLIN2 protein was dramatically higher than its mRNA,
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indicating that PLIN2 possessed posttranslational
modification to regulate its stability under OA treat-
ment. As shown in previous reports, the proteasome
degradation pathway (Masuda et al. 2006; Takahashi
et al. 2016; Xu et al. 2005) and chaperone mediated
autophagy (Kaushik and Cuervo 2015, 2016) may play
roles in the stability of PLIN2.

OA also drove the accumulation of TAG and the for-
mation of LDs. However, it was unclear whether the
PLIN2 expression increased LD number or if LD for-
mation stabilized PLIN2 resulting in PLIN2 accumula-
tion (MacPherson and Peters 2015a). Our data highlight
that the formation of LDs is probably a prerequisite for
the stability of PLIN2 (Fig. 2). When the formation of
LDs was disrupted through a DKO of Dgat1/Dgat2, the
accumulation of PLIN2 protein in response to OA
treatment was blocked (Fig. 2D). However, the PLIN2
mRNA expression was still up-regulated (Fig. 2C).

PLIN2 null mice have been reported to be resistant to
high fat diet-induced obesity and fatty liver disease
(Chang et al. 2006; Libby et al. 2016; McManaman et al.
2013). Consistently, we demonstrated that PLIN2 KO
C2C12 cells accumulated much less TAG than WT cells
after OA treatment (Fig. 3C). However, the accumulation
rate of TAG showed no difference between WT cells and
PLIN2 KO cells (Fig. 3E). This may be explained if PLIN2
inhibits hydrolysis of TAG in LDs (Bell et al. 2008;

Listenberger et al. 2007), but has no effect on the rate of
TAG synthesis.

Consistent with the reports by Bell et al. (2008) in
mouse liver and Bosma et al. (2012) in skeletal muscle,
the PLIN2 KO cells had fewer but larger LDs than WT
cells (Fig. 4). PLIN2 was dramatically up-regulated on
LDs of C2C12 cells during OA treatment (Fig. 1B), an
increase which might serve to stabilize the organelle
during LD expansion. We speculate that the enlarged
LDs in PLIN2 KO cells might due to increased LD fusion
activity in PLIN2 KO cells, but this requires further
investigation. On the other hand, studies of subcellular
localization of LDs indicate that PLIN2-enriched
domains in the ER membrane might be involved in
budding of LDs from the ER (Robenek et al. 2006). It is
possible that PLIN2 KO cells display fewer LDs due to
decreased budding events. Distinguishing between
these hypotheses and elucidating the molecular mech-
anisms will require further work.

ATGL was reduced on PLIN2 null LDs (Fig. 3F), which
was unexpected given the high lipolysis activity of
PLIN2 null LDs in this study. This result was also
inconsistent with previous reports that PLIN2 overex-
pression induced a striking decrease in the association
of ATGL with LDs in HEK 293 cells (Listenberger et al.
2007) and the finding that PLIN2 down-regulation
induced an increase in the association of ATGL with LDs

Fig. 6 OA inhibits mitochondrial oxidative phosphorylation in PLIN2 null cells. A OCR of EV and PLIN2 KO C2C12 cells after treatment
with or without OA for 12 h. B–E The related ATP production (B), basal OCR (C), max OCR (D), and spare respiration capacity (E) are
shown, respectively. Data are presented as mean ± SEM, and from two biological repeats. Significant difference between two groups,
*p\ 0.05, **p\ 0.01

RESEARCH ARTICLE S. Xu et al.

154 | June 2019 | Volume 5 | Issue 3 � The Author(s) 2019



(Bell et al. 2008; Kaushik and Cuervo 2015). One pos-
sible explanation is that PLIN2 interacts with ATGL on
LDs to maintain basal lipolysis (MacPherson et al. 2013)
and most of PLIN2 associated ATGL was released to
cytoplasm in PLIN2 KO cells. The elevated lipolysis
activity of PLIN2 null LDs might be due to the re-lo-
calization and activation of HSL on LDs (Fig. 3F) and the
full activation of the remaining LD-associated ATGL.
How ATGL affects PLIN2 null LDs lipolysis remains to be
defined.

LDs have been reported to interact with many other
intracellular organelles (Goodman 2008; Murphy et al.
2009). Our data provide original insight into the
important role of PLIN2 in the compartmentalization of
LDs. We found that the association of marker proteins of
some membrane structures, including ER, plasma
membrane, lysosome, and mitochondria, was signifi-
cantly increased in PLIN2 null LDs (Fig. 5A), suggesting
enhanced interaction between LDs and the other intra-
cellular organelles in PLIN2 KO cells. LDs have been
found to physically interact with mitochondria (Nan
et al. 2006; Pu et al. 2011; Sturmey et al. 2006), and the
contact is further strengthened during exercise (Koves
et al. 2013; Tarnopolsky et al. 2007). In this study, we
found that deletion of PLIN2 dramatically increased the
interaction between LDs and mitochondria as well as
other organelles (Fig. 5A). Furthermore, both TEM and
fluorescence imaging of whole cells and isolated LDs
consistently showed an increased close interaction
between LDs and mitochondria when PLIN2 was
deleted (Fig. 5C–F). Thus, as the most abundant LD coat
protein in C2C12 cells, PLIN2 may have a pivotal role in
regulating the interaction between LDs and
mitochondria.

Our previous work demonstrated that the expression
and LD localization of PLIN2 are up-regulated in mouse
brown adipose tissue during cold treatment, accompa-
nied with increased interaction between LDs and acti-
vated mitochondria (Yu et al. 2015). It has been
observed previously that the close physical interaction
between LDs and mitochondria is positively correlated
with the expression of PLIN2 and the activity of mito-
chondria (Yu et al. 2015). On the contrary, our data here
indicate that the physical interaction between LDs and
mitochondria was induced in PLIN2 null C2C12 cells,
accompanied by a suppression of mitochondrial activity,
especially during OA treatment (Fig. 6). Thus, the
interaction was negatively correlated with the expres-
sion of PLIN2 and the activity of mitochondria. Notably,
both studies show that PLIN2 expression is positively
correlated with mitochondrial activation. These data
indicate that the role of PLIN2 may be tissue specific
(MacPherson and Peters 2015a).

MATERIALS AND METHODS

Cell culture

Mouse C2C12 myoblasts (American Type Culture Col-
lections, Manassas, VA) were maintained in DMEM
(Macgene Biotech., Beijing) supplemented with 10%
FBS (Hyclone), 100 U/mL penicillin and 100 mg/mL
streptomycin (Macgene Biotech., Beijing) at 37 �C, 5%
CO2.

Lipid droplets (LDs) isolation and verification

LDs were isolated using methods previously described
with modification (Zhang et al. 2011). Briefly,
1–5 9 109 C2C12 myoblasts were collected with ice-
cold PBS, and were transferred to 50 mL buffer A
(20 mmol/L tricine pH 7.8, 250 mmol/L sucrose) plus
0.5 mmol/L PMSF (Sigma-Aldrich). After centrifugation
at 3000 g, cell pellets were resuspended with 20 mL
buffer A plus 0.5 mmol/L PMSF and kept on ice for
20 min. Then, the swollen cells were homogenized by
nitrogen cavitation (500 psi for 15 min on ice). The PNS,
Cyto, TM, and LD fractions were separated by centrifu-
gation following procedures described previously
(Zhang et al. 2011). The purified LDs were stained with
LTR or LTG (1:500 (v/v), Life Technologies), and visu-
alized using a ZEISS AxioImager M2 Imaging System or
confocal microscope. The sizes of the purified LDs were
measured by a Delsa Nano C particle analyzer as
described previously (Zhang et al. 2012).

The lipids and the proteins of the LDs were extracted
and separated with acetone before centrifuging the
sample at 20,000 g for 10 min at 4 �C. The extracted
proteins were dissolved in 29 sample buffer for bio-
chemical analysis. The purity of LDs, relative to other
cell fractions, was identified by silver staining and
Western blotting for the LDs marker proteins described
in our previous study (Bartz et al. 2007).

Fatty acids incubation

Sodium palmitic acid (Sigma-Aldrich) and sodium oleic
acid were prepared as described previously (Peng et al.
2011). Briefly, fatty acids were mixed with ethanol to a
final concentration of 100 mmol/L after which the
mixture was sonicated on ice until the mixture became a
milky solution. Before use, the fatty acids were dissolved
in 55 �C preheated growth medium, and then cooled
down to 37 �C. Cells were transferred to OA medium
and cultured for the indicated period. Control cells were
cultured in media containing an equivalent volume of
ethanol as a vehicle control.
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Quantitative real-time PCR

Total RNA was extracted with TRIzol reagent and
reverse transcribed into cDNA according to the manu-
facturer’s protocol (Life Technologies). Quantitative
real-time PCR was performed using the ABI Step One
PLUS and SYBR Green detection kit following the man-
ufacturer’s instructions (Life Technologies).

Western blot analysis

Cells were harvested and directly lysed with 29 sample
buffer (125 mmol/L Tris Base, 20% glycerol, 4% SDS,
4% b-mercaptoethanol, and 0.04% bromophenol blue).
After sonication and denaturation, the samples were
cooled to room temperature (RT) and then were loaded
on 10% SDS-PAGE gel, electrophoresed, transferred to a
PVDF membrane (Sigma-Aldrich), and blocked in 5%
non-fat milk for 1 h at RT. Then, the PVDF membrane
was incubated with primary antibodies and then sec-
ondary antibodies. The membrane was exposed to the
ECL substrate (PerkinElmer Life Sciences, Waltham,
MA) as described previously (Yu et al. 2015). The
antibodies used in this study are listed in supplemen-
tary material Table S3.

Construction of plasmids and cell transfection

The CRISPR/Cas9 system was used to knock out and
knock in target genes in C2C12 cells. For PLIN2 KO cell
lines, two targets corresponding separately to exon 4
and exon 5 of PLIN2 were designed using the website
(http://crispr.mit.edu/) and were inserted into the
pX260a plasmid (a gift from Prof. Feng Zhang (Cong
et al. 2013)). For Dgat1 and Dgat2 KO cell lines, two
targets corresponding to these two genes, respectively,
were designed using the website (http://crispr.mit.edu/)
and were inserted into the pX260a plasmid. The KO
detection primers for these KO cells were designed as
displayed in supplementary material Table S4. For
PLIN2-EGFP KI cell lines, a target near the stop codon of
PLIN2 was designed and was inserted into the pX260a
plasmid. Two pairs of homologous arm primers were
designed and inserted into the pKI-EGFP-N plasmid
with Xba I and Nt.Bbvc I restriction endonucleases. The
pKI-EGFP-N plasmid was modified from pTK-NEO-3flag-
USER in John Wang’s lab and the functional sequence of
pKI-EGFP-N is displayed in supplementary material
Fig. S1A. For the real-time PCR detection of target genes,
primers were designed according to NCBI BLAST and
displayed in supplementary material Table S4. All
plasmids were sequenced right by Tsingke Technologies
Inc.

For cell transfection, pQCXIP derived plasmids were
packaged into pseudo retrovirus in Plat-ET cells, and the
virus was used to infect target cells. In some instances,
plasmids were transfected into C2C12 cells using elec-
troporation according to the manufacturer’s instruc-
tions (Amaxa Nucleofector).

Cell line construction

For stable overexpression cells, C2C12 cells were
infected with pQCXIP-Atgl-myc or pQCXIP-Plin2-myc
typed pseudo retrovirus. Cells were incubated with
1 lg/mL puromycin containing DMEM medium starting
48 h after infection and were cultured for at least
two weeks. Cells were then seeded into 96-well plates
with limiting dilution and were cultured for another
two weeks before picking clones. The expression state
of the clones was verified by Western blot.

For KO cells, C2C12 cells were transfected with a
targeted KO plasmid. Cells were incubated with 1 lg/
mL puromycin containing DMEM medium 48 h after
transfection and were selected as previously described.
The selected KO status of the clones was verified by
Western blot and/or genome PCR. For KI cells, C2C12
cells were co-transfected with targeted KO plasmid and
homologous arms plasmids. Cells were sorted by flow
cytometry (BD Aria III) 48 h after transfection and were
selected as previously described. The selected KI clones
were confirmed by Western blot.

Confocal microscopy

Various cell types were treated with OA as indicated.
Cells were fixed in 4% paraformaldehyde and the LDs
and nucleus were stained with LTR and Hochest (Life
Technologies), respectively, for 30 min. The coverslips
were then mounted with antifade solution (Applygen
Technologies Inc., Beijing) and were sealed with nail
polish. Images were captured with an Olympus FV1000
fluorescence confocal microscope (Olympus Corp., Lake
Success, NY).

Detection of TAG and lipids

For the TAG accumulation assay, the indicated cells were
subcultured into 12-well plates. The cells were then
treated with or without 200 lmol/L OA with or without
0.5 lCi/mL 3H-oleic acid (3H-OA) (PerkinElmer, Boston,
MA) for the indicated time. Cells were then lysed to
detect the total TAG level (Biosino Bio-Technology and
Science Inc, Beijing) or 3H-OA incorporated TAG by
scintillation counter (PerkinElmer, Boston, MA) follow-
ing thin layer chromatography (TLC).
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For the assay of TAG lipolysis, the EV and PLIN2 KO
cells were subcultured into 12-well plates. The cells
were then pre-treated with or without ATGL inhibitor
Atglistatin (10 lmol/L, Sigma, St. Louis, MO) (Mayer
et al. 2013) and HSL inhibitor CAY10499 (1 lmol/L,
Cayman, Michigan) (Saltiel 2000) for 2 h. Then, the cells
were treated with OA supplemented with 0.5 lCi/mL
3H-OA, with or without lipase inhibitors for another
12 h. TAG was extracted, and 3H-OA incorporated TAG
was assessed with a scintillation counter following TLC.

For the TAG synthesis assay, WT and PLIN2 KO cells
were subcultured into 12-well plates. The cells were
then treated with 3H-OA (0.5 lCi/mL) and 200 lmol/L
OA with 10 lmol/L Atglistatin and 1 lmol/L CAY10499.
Cells were collected at the indicated times. The 3H-OA
incorporated TAG was assessed with a scintillation
counter following TLC.

In all experiments, cells were harvested in 0.3 mL 1%
Triton X-100/PBS to determine 3H-OA incorporated
TAG, and to assess total protein content (Pierce BCA
assay, Thermo Scientific, Rockford, IL). The lipid extracts
were separated by TLC using heptane-diethyl-ether
(60:40:1, v/v/v) as developing solvent. The content of
lipids was normalized to total protein content.

Cellular bioenergetics

The cellular bioenergetics profile of C2C12 cells was
assessed using the Seahorse XF24 Flux Analyzer (Sea-
horse Bioscience) as described (Meex et al. 2015). In
brief, the indicated cells were seeded into a 24-well
XF24 cell culture microplate (Seahorse Bioscience).
Cells were washed and incubated in 525 lL of unbuf-
fered DMEM (5 mmol/L glucose, 1 mmol/L pyruvate
and 1 mmol/L glutamate pH 7.4), at 37 �C in a non-CO2

incubator (1 h prior to bioenergetics assessment).
Three basal OCR measurements were performed using
the Seahorse analyzer, and measurements were repe-
ated following injection of oligomycin (1 lmol/L), FCCP
(0.5 lmol/L), and Rotenone/Antimycin A (0.5 lmol/L).

Colloidal blue staining and comparative mass
spectrum (MS) analysis

LD proteins isolated from C2C12 cells were separated
on a 10% SDS-PAGE gel and subjected to colloidal blue
staining (Life Technologies). The indicated bands were
cut into slices for MS analysis. In-gel digestion of each
slice was performed as previously described (Ding et al.
2012). The digested peptides were then loaded onto a
C18 trap column with an autosampler, eluted onto a C18
column (100 lm 9 12 cm) packed with Sunchrom

packing material (SP-120-3-ODS-A, 3 lm), and were
then subjected to nano LC-LTQ MS/MS analysis.

All MS/MS data were searched against the mouse
protein database from the NCBI using the SEQUEST
program (Thermo, USA). BioWorks search parameters
were set as follows. Enzyme: trypsin; precursor ion
mass tolerance: 2.0 Da; fragment ion mass tolerance:
1.0 Da. The variable modification was set to oxidation of
methionine. The fixed modification was set to car-
boxyamidomethylation of cysteine. The search results
were filtered with Xcorr versus Charge values of Xcorr
(?1)[ 1.9, Xcorr (?2)[ 2.5, and Xcorr (?3)[ 3.75.

Transmission electron microscopy (TEM)

The ultra-structure of cells was examined by TEM
through ultra-thin sectioning. After rinsing with
0.1 mol/L PB, the cells were fixed in 2% (w/v) glu-
taraldehyde (Electron Microscopy Sciences, Hatfield) in
PB (pH 7.4) for 1 h and then collected to a 1.5 mL
microcentrifuge tube. The cells were subsequently fixed
in 1% (w/v) osmium tetroxide (Nakalai Tesque, Kyoto)
with 1% potassium ferrocyanide (Sigma-Aldrich, Mis-
souri) for 1.5 h at RT. After dehydration in an ascending
concentration series of ethanol at RT, the cells were
embedded in Embed 812 (Electron Microscopy Sci-
ences, Hatfield) and were prepared as 70 nm sections
using a Leica EM UC6 Ultramicrotome. After staining
with 4% (w/v) uranyl acetate (Electron Microscopy
Sciences, Hatfield) for 15 min and subsequently with
lead citrate (Electron Microscopy Sciences, Hatfield) for
5 min at RT, the sections were viewed with a Tecnai
Spirit electron microscope (FEI, Netherlands). Purified
LDs were also examined by TEM through an ultra-thin
sectioning method as described (Ding et al. 2013).

Statistical analyses

Data are presented as mean ± SEM unless specifically
indicated. The statistical analyses were performed using
GraphPad Prism 6 and Image J (NIH, USA). Comparison
of significance between groups was performed using
student t-tests.
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