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1Department of Human Genetics, David Geffen School of Medicine at UCLA, Los Angeles, CA
90095 USA

2Division of Neuropathology, Department of Pathology and Laboratory Medicine, David Geffen
School of Medicine at UCLA, Los Angeles, CA 90095 USA

3Department of Medicine, David Geffen School of Medicine at UCLA, Los Angeles, CA 90095
USA

4Molecular Biology Institute, University of California, Los Angeles, CA 90095 USA

SUMMARY

LPIN1 encodes lipin-1, a phosphatidic acid phosphatase (PAP) enzyme that catalyzes the

dephosphorylation of phosphatidic acid to form diacylglycerol. Homozygous LPIN1 gene

mutations cause severe rhabdomyolysis, and heterozygous LPIN1 missense mutations may

promote statin-induced myopathy. We demonstrate that lipin-1–related myopathy in the mouse is

associated with a blockade in autophagic flux and accumulation of aberrant mitochondria. Lipin-1

PAP activity is required for maturation of autolysosomes, through its activation of the protein

kinase D (PKD)-Vps34 phosphatidylinositol 3-kinase signaling cascade. Statin treatment also

reduces PKD activation and autophagic flux, which are compounded by diminished mTOR

abundance in lipin-1-haploinsufficent and –deficient muscle. Lipin-1 restoration in skeletal muscle

prevents myonecrosis and statin toxicity in vivo, and activated protein kinase D rescues autophagic

flux and lipid homeostasis in lipin-1–deficient cells. Our findings identify lipin-1 PAP activity as a

component of the macroautophagy pathway, and define the basis for lipin-1–related myopathies.

INTRODUCTION

Lipin-1 is a phosphatidic acid phosphatase (PAP) enzyme, which converts phosphatidic acid

(PA) to diacylglycerol (DAG), a precursor of triacylglycerol and phospholipids (Donkor et

al., 2007; Han et al., 2006). Lipin-1 is also a co-regulator of DNA-bound transcription

factors (Finck et al., 2006; Kim et al., 2010; Peterson et al., 2011; Sugden et al., 2010),

which in some cases requires its PAP activity (Peterson et al., 2011). Lipin-1 is a target of
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the mechanistic target of rapamycin complex 1 (mTORC1), and lipin-1 subcellular

localization and function are regulated by mTORC1-dependent phosphorylation at multiple

sites (Eaton et al., 2013; Harris et al., 2007; Huffman et al., 2002; Peterson et al., 2011).

Through these activities, lipin-1 and its orthologs in diverse species regulate adipogenesis,

lipid metabolism, nuclear envelope and mitochondrial morphology, and vacuole fusion

(Csaki et al., 2013; Pascual and Carman, 2013).

Recently, recessive LPIN1 gene mutations have been identified as a cause of childhood

rhabdomyolysis (Bergounioux et al., 2012; Michot et al., 2010; Michot et al., 2012; Zeharia

et al., 2008). Rhabdomyolysis, a severe form of myopathy, is characterized by breakdown of

skeletal muscle resulting in leakage of muscle-cell contents such as electrolytes, creatine

kinase, and myoglobin, into the circulation. Episodes of LPIN1-related rhabdomyolysis

appear to be precipitated by febrile illness, exercise, fasting, or anesthesia (Bergounioux et

al., 2012; Zeharia et al., 2008). Nearly all LPIN1 mutations that cause childhood

rhabdomyolysis are nonsense or deletion mutations, which are predicted to result in inactive

protein (Michot et al., 2010; Michot et al., 2012; Zeharia et al., 2008). Myopathy has also

been reported in individuals that are heterozygous for LPIN1 missense mutations in response

to statin drug treatment (Michot et al., 2012; Zeharia et al., 2008). Statins are widely

prescribed cholesterol-lowering drugs that reduce the incidence of cardiovascular diseases.

An estimated 1-5% of statin drug users complain of muscle symptoms, and a small

proportion develop rhabdomyolysis (Mohassel and Ammane, 2013; Thompson et al., 2003).

The underlying mechanisms for statin myotoxicity are not understood, but there is evidence

that underlying genetic variations may predispose some individuals (Link et al., 2008;

Mangravite et al., 2013; Needham and Mastaglia, 2013). Relevant to the pathology of

LPIN1- related myopathies, lipin-1 accounts for the majority of PAP activity in human and

mouse skeletal muscle (Donkor et al., 2007; Harris et al., 2007; Michot et al., 2013), and the

transgenic modulation of muscle lipin-1 levels alters energy balance (Phan and Reue, 2005).

Human lipin-1–deficient muscle and myoblasts accumulate neutral lipid droplets (Michot et

al., 2012; Michot et al., 2013), but it is unclear how this relates to the massive muscle

breakdown in affected patients.

We sought to elucidate the mechanism underlying myopathy in both lipin-1 deficiency and

in response to statin treatment in the presence of reduced lipin-1 activity. We identified a

role for lipin-1 in autophagy, and determined that lipin-1 deficiency and statin drug effects

converge at specific points of lipid metabolism that influence autophagic flux.

RESULTS

Myonecrosis in Lipin-1–deficient and Statin-treated Lipin-1–haploinsufficient Mice

To investigate the pathoetiology of inherited and statin-induced lipin-1-related myopathies,

we utilized mouse models with lipin-1 deficiency (Lpin1fld/fld mice (Peterfy et al., 2001),

denoted “fld/fld”) or with half the normal lipin-1 levels (Lpin1wt/fld mice, denoted “wt/fld”)

(Figure 1A). LPIN1-related rhabdomyolytic episodes are associated with metabolic stress,

including fasting. We found that muscle damage is triggered in fld/fld mice by fasting for 16

hr followed by 5 hr refeeding. These conditions elevated creatine kinase (CK) levels, and

were employed throughout our studies. The CK levels in fld/fld mice were exacerbated by
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treatment with Pravastatin (375 μg/day/mouse in the drinking water for 11 weeks) (Figure

1B). Heterozygous (wt/fld) mice had normal CK levels under basal conditions, but increased

above wild-type levels following statin treatment (Figure 1B).

Myofibrillar necrosis was evident in fld/fld mice, and was enhanced by statin treatment

(Figure 1C). Muscle from fld/fld mice also exhibited centrally located myonuclei, indicative

of regenerating fibers (Chargé and Rudnicki, 2004), which became more prevalent upon

statin treatment (Figure 1D). Centrally nucleated fibers were not observed in wt/fld muscle

under the basal conditions, but became apparent after statin treatment (Figure 1D). Thus,

lipin-1–deficient muscle exhibits necrosis and regeneration, and statin treatment promotes

muscle damage in lipin-1–haploinsufficient mice and lipin-1–deficient mice.

Since lipin-1 catalyzes a step in triacylglycerol (TAG) biosynthesis, we expected that fld/fld

muscle would have reduced neutral lipid storage. Staining of muscle with oil red O revealed

an unexpected accumulation of neutral lipid droplets in lipin-1–deficient muscle, primarily

in type I fibers (Figures 1E and S1A). This pattern of lipid accumulation is similar to that

reported in a LPIN1-deficient patient (Michot et al., 2012), and in a subset of human statin-

intolerant myopathy patients (Phillips et al., 2002); the identity of neutral lipid accumulating

in these patients has not been determined. Biochemical analyses revealed that fld/fld muscle

contained very little TAG, and that wt/fld muscle contained approximately 50% of wild-type

levels (Figure 1F). By contrast, cholesteryl ester levels were elevated by 2-fold in fld/fld

muscle under the basal condition, and were elevated further after statin treatment (Figure

1F). Cholesteryl ester accumulation likely accounts for the neutral lipid droplets observed in

lipin-1–deficient muscle. Free fatty acid levels were also elevated in fld/fld muscle in basal

and statin-treated conditions, and in wt/fld muscle after statin treatment (Figure 1F). We did

not detect increased expression of fatty acid synthetic genes in fld/fld muscle (Figure S1B),

and it is possible that fatty acids accumulating in muscle are derived from other tissues.

Given the role of lipin-1 in coactivation of hepatic fatty acid oxidation genes (Finck et al.,

2006), we examined expression of known target genes (Cpt1b, Acadm, Acadl, Acox1) in

muscle. Gene expression levels were similar in fld/fld and wild-type muscle (Figure S1C),

suggesting that fatty acid accumulation is not a result of impaired lipin-1 coactivator

function.

Analysis of phospholipid and sphingolipid content by electrospray ionization mass

spectrometry revealed substantial alterations in lipin-1–deficient muscle. PA, the substrate

for lipin-1 enzymatic activity, was elevated 3-fold in fld/fld muscle (Figure 1F and S1D). In

addition, fld/fld muscle had elevated levels of ether phosphatidylcholine (ePC) and

ceramides (Figure S1D). Thus, the accumulation of several aberrant lipid species

(cholesteryl ester, fatty acids, and various phospholipids, and ceramides) may contribute to

altered metabolism in lipin-1–deficient muscle.

Muscle Lipin-1 Rescues Basal and Statin-induced Myonecrosis in Lipin-1–deficient Mice

To determine whether the loss of lipin-1 locally in skeletal muscle is responsible for

myonecrosis observed in fld/fld mice, we rescued lipin-1 expression with a muscle-specific

lipin-1 transgene (Phan and Reue, 2005). By crossing the Mck-lipin-1 transgene into fld/fld

mice, we generated animals with lipin-1 exclusively in skeletal muscle (referred to as fld/
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fld–MCK Tg; Figure 2A). Transgenic restoration of lipin-1 in muscle of fld/fld mice

prevented muscle damage, as indicated by normalized CK levels and reduced myocyte

turnover (Figures 2B and 2C), and largely normalized the reduced myofiber size that occurs

in fld/fld soleus and tibialis anterior muscle (Figure S2A). The restoration of lipin-1 fld/fld

muscle prevented the accumulation of neutral lipids in type 1 fibers (Figure 2D and S2B),

increased TAG levels, and normalized cholesteryl ester, fatty acids, PA, ePC and ceramide

levels (Figures 2E-H and S2C). Furthermore, lipin-1 expression in muscle protected against

the statin-associated muscle damage in both wt/fld and fld/fld mice (Figures 2B, 2C and

S2D).

Lipin-1 Deficiency Impairs Mitochondrial Function and Autophagy in Muscle

The aberrant lipid profile in type I muscle fibers of lipin-1–deficient muscle led us to

investigate mitochondrial activity. We examined mitochondrial ultrastructure in fld/fld

muscle by transmission electron microscopy (EM). The fld/fld soleus muscle exhibited large,

misshapen mitochondria. After statin treatment, disorganized cristae were also evident

(Figure 3A and S3A). By contrast, mitochondria of wild-type muscle had normal

morphology, even after statin treatment. Increased mitochondrial number was also evident in

fld/fld muscle, as judged by the increased levels of mitochondrial DNA relative to genomic

DNA (Figure 3B). To assess mitochondrial function, we measured oxygen consumption in

soleus muscle from wild-type and fld/fld mice. Basal oxygen consumption rates did not

differ, but when challenged with a mitochondrial uncoupler, wild-type muscle responded

with the expected increase in oxygen consumption, whereas the response in fld/fld muscle

was severely blunted (Figure 3C).

Mitochondrial quality is tightly controlled by autophagy, a process by which damaged

mitochondria are degraded (Wang and Klionsky, 2011). A knockdown in the expression of

the lipin ortholog in Drosophila (Dlipin) leads to an accumulation of abnormal mitochondria

and autophagosomes in the fat body (Ugrankar et al., 2011). We hypothesized that damaged

mitochondria might accumulate in lipin-1–deficient muscle because of impaired autophagy.

Autophagy is induced under starvation and other conditions and begins with the formation

of a limiting membrane that encompasses cytosolic proteins and organelles by forming a

vesicular autophagosome; the autophagosome then fuses with a lysosome to produce an

autolysosome, and degrades its contents (Wang and Klionsky, 2011). We assessed the

induction of autophagy by examining the levels of the autophagosome marker, microtubule-

associated protein-1 light chain 3 (LC3)-II (Kabeya et al., 2000).

In wild-type muscle, fasting led to the expected induction of LC3-II, which was not apparent

after feeding (Figure 3D, upper panel). Muscle from fld/fld mice induced autophagosome

formation in response to fasting, but maintained high levels of LC3-II even after refeeding;

statin treatment further elevated the levels of LC3-II in fld/fld mice (Figure 3D, lower

panel). We also estimated autophagic flux by quantitating the levels of p62, an autophagy-

selective substrate (Mizushima et al., 2010). Compared to wild-type muscle, fld/fld muscle

accumulated twice as much p62 (Figure 3D and S3B). Interestingly, statin treatment caused

a modest increase in p62 protein levels in wild-type muscle, albeit less than that observed in

lipin-1–deficient muscle (Figure S3B). Neither lipin-1 deficiency nor statin treatment
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influenced p62 mRNA expression levels, consistent with effects on p62 clearance, rather

than synthesis (Figure S3B). The LC3-II and p62 levels in fld/fld muscle were restored to

wild-type levels by expression of the muscle-specific lipin-1 transgene (Figure 3E). These

studies demonstrate that lipin-1 is dispensable for the formation of autophagosomes, but is

required for clearance of autolysosome cargo (e.g., LC3-II and p62).

To learn more about the role of lipin-1 in autophagy, we assessed the localization of lipin-1

by co-staining C2C12 myotubes with antibodies against endogenous lipin-1 and LAMP-1, a

lysosomal protein that has a role in the fusion of lysosomes with phagosomes (Huynh et al.,

2007). Under basal conditions, lipin-1 protein had a diffuse cytoplasmic distribution (Figure

3F, left panels). Treatment with rapamycin, which inhibits mTOR and induces autophagy,

promoted migration of lipin-1 to the perinuclear region and partial co-localization with

Lamp1 (Figure 3F, middle panels). Statin treatment promoted a similar reorganization of

lipin-1 to that observed with rapamycin treatment (Figure 3F, right panels). Thus, both the

induction of autophagy and statin treatment promote lipin-1 co-localization with lysosomes.

To exclude the possibility that lipin-1 co-localizes with lysosomes affects lipin-1 protein

stability, we treated cells expressing lipin-1 with inhibitors of lysosomal (chloroquine) or

proteasomal degradation (MG-132). We found that only MG-132 inhibited lipin-1 protein

degradation (Figure 3G). This is consistent with findings for the lipin ortholog in yeast

(Pascual et al., 2014).

Lipin-1 PAP Activity is Required for Autophagy Clearance

We next examined whether the PAP activity of lipin-1 was required for autophagy using a

reporter consisting of LC3 conjugated to a red fluorescent protein (RFP) and a green

fluorescent protein (GFP) (RFP-GFP-LC3) (Kimura et al., 2007). This reporter distinguishes

autophagosomes (yellow signal, due to fluorescence from both RFP and GFP) from

autolysosomes (red signal, due to RFP alone, as GFP fluorescence is impaired in the acidic

lysosomal environment). In wild-type mouse embryonic fibroblasts (WT-MEFs), the

induction of autophagy by serum and amino acid starvation induced the formation of

autolysosomes (red puncta), indicating progression through the autophagy pathway (Figure

4A). Starvation-induced autolysosome formation was reduced by 50% in lipin-1–deficient

MEFs (fld-MEF) (Figures 4A and 4B). The blockade in autolysosome formation in fld-

MEFs was rescued by overexpression of wild-type, but not catalytically inactive, lipin-1

(Figure 4A, left and top right panel). These results were confirmed by analysis of LC3-II

protein levels (Figure S4A). Rapamycin induced similar levels of LC3-II in WT-MEFs and

fld-MEFs, demonstrating that formation of autophagosomes is not impaired by lipin-1

deficiency. However, fld-MEFs exhibited impaired clearance of LC3-II in response to serum

starvation, which could be rescued by wild-type but not mutant lipin-1 expression (Figure

S4A). The requirement of lipin-1 PAP activity in autophagy was further confirmed by the

analysis of PA and DAG levels in these primary MEFs. Compared to wild-type cells,

lipin-1–deficient MEFs contained higher PA and lower DAG levels after 6h starvation;

overexpression of wild-type, but not PAP-deficient lipin-1 protein restored these lipid levels

(Figure 4A, right panel).
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To further explore the role of lipin-1 in autophagy clearance, the fusion of autophagosomes

with lysosomes was examined in primary WT-MEFs and fld-MEFs. Starvation induced the

fusion of autophagosomes with lysosomes or late endosomes in wild-type cells, as indicated

by the perinuclear co-localization of LC3 and LAMP-1 (Fig. 4B). By contrast, lipin-1

deficiency prevented perinuclear clustering of lysosomes upon starvation, and reduced

fusion between autophagosomes and lysosomes or late endosomes (Figure 4B and S4B).

The degree of LC3-LAMP-1 co-localization observed in wild-type MEFs is similar to that

shown in previous studies that visualize autophagosome-lysosome fusion by this method

(Germain et al., 2011; Liang et al., 2008).

Lipin-1 Deficiency Diminishes DAG–Protein Kinase D–Vps34 Activation in Muscle

The requirement for lipin-1 PAP activity in autophagy clearance raised the possibility that

lipin-1 conversion of PA to DAG is important in this process. Indeed, it has been shown that

DAG is required for clearance of bacteria by autophagy in mammalian cells (Shahnazari et

al., 2010). The role of DAG in this process is likely linked to its function as a lipid second

messenger. DAG activates a signaling cascade involving protein kinase C, with subsequent

activation of the class III phosphatidylinositol 3-kinase, Vps34, which is involved in

autophagosome formation and maturation (Eisenberg-Lerner and Kimchi, 2012; Shibasaki et

al., 2009; Tan et al., 2012). We hypothesized that lipin-1–generated DAG is important in

autolysosome formation, and that lack of lipin-1 impairs PKC and Vps34 activation. Below

we describe studies to test each component of this hypothesis.

Using electrospray ionization mass spectrometry, we identified several DAG species with

reduced levels in fld/fld muscle (Figure 5A). To assess whether the reduced DAG levels

influence autophagy clearance, we reconstituted fld-MEFs with dipalmitoylglycerol (C32:0),

the most abundant of the DAG species that showed reduced levels in fld/fld muscle. The

addition of dipalmitoylglycerol to fld-MEFs did not affect autophagosome formation in the

early phase of starvation-induced autophagy (Figure S5A), but restored autophagy clearance

by reduction of the levels of LC3-II (Figure 5B).

We next assessed whether the altered DAG profile of fld/fld muscle led to impaired PKC

activation. The mammalian PKC family consists of approximately a dozen isoforms, several

of which are expressed in skeletal muscle (Ellwanger et al., 2011; Jensen et al., 2009). We

analyzed the activation of relevant PKC isoforms by western blot using antibodies directed

against the phosphorylated proteins. Most PKC isoforms in muscle showed similar levels of

phosphorylation (activation) in wild-type and fld/fld muscle (Figure 5C). The exception was

phosphorylated PKD, which was substantially reduced in fld/fld muscle, despite normal

levels of total PKD (Figure 5C). The muscle lipin-1 transgene largely restored PKD

activation in the muscle of fld/fld mice (Figure 5D). Statin treatment also markedly

diminished PKD activation in wild-type muscle (Figure 5E), revealing a common effect of

lipin-1 deficiency and statin drug response.

PKD activates Vps34 leading to the production of phosphatidylinositol-3-phosphate

(PtIns3P) (Eisenberg-Lerner and Kimchi, 2012), and Vps34-derived PtIns3P has an

established role in the promotion of autophagosome formation and maturation (Jaber et al.,

2012). Because PKD activation was diminished in fld/fld muscle (Figure 5C), we sought to
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determine whether Vps34 activity was affected by assessing the formation of PtIns3P. We

used a green fluorescent reporter containing the PtIns3P-binding PX-domain (phox) from

p40 (GFP- p40 phox) (Kanai et al., 2001). When co-expressed with a reporter containing the

autophagosome/autolysosome marker LC3 fused to red fluorescent protein (mRFP-LC3), it

was possible to visualize PtIns3P present on autophagosome/autolysosome structures as

yellow puncta. Serum starvation to induce autophagy led to the appearance of many more

yellow puncta in WT-MEFs (Figure 5F, upper panels) than fld-MEFs (Figure 5F, lower

panels). Quantitation revealed approximately 50% reduction in PtIns3P in fld/fld compared

to wild-type cells, consistent with reduced Vps34 activity.

A prediction from the findings described above is that activated PKD should rescue

autophagy flux observed in lipin-1–deficient cells. To test this, we co-expressed

constitutively active PKD (S738E/742E) (Storz et al., 2003) with the RFP-GFP-LC3

reporter (Kimura et al., 2007) in fld-MEFs. The expression of active PKD rescued

autolysosome formation in fld-MEFs to nearly the level observed in WT-MEFs (Figures

5G). These results indicate that lipin-1/DAG signaling is a critical component of the PKD-

Vps34 signaling cascade, and that disruption of this cascade is a likely cause of apparently

impaired autophagy flux in lipin-1–deficient muscle.

Statin Diminishes mTOR Protein Abundance and Promotes Abnormal Lipid Accumulation
in Combination with Lipin-1 Haploinsufficiency

We next investigated the mechanisms underlying statin-induced myopathy in lipin-1-

haploinsufficient mice and statin-exacerbated myopathy in lipin-1-deficient mice. Although

statins have been shown to induce FoxO3/atrogin-1-mediated muscle cell damage (Hanai et

al., 2007), 11-weeks of Pravastatin treatment did not alter the activation of Akt/FoxO3 in

wild-type or fld/fld muscle (Figure 6A). However, statin treatment led to substantially

diminished levels of mammalian target of rapamycin (mTOR) in fld/fld muscle. Both total

and phosphorylated mTOR (p-mTOR) were reduced, and mTOR activity was decreased as

indicated by diminished phosphorylation of the mTOR target, p70-S6 kinase (on Thr389)

(Figure 6A). The levels of regulatory associated protein of mTOR (Raptor) were not

affected by lipin-1 deficiency or statin treatment (Figure 6A). Statin treatment also reduced

mTOR abundance in lipin-1-haploinsufficient muscle (Figure 6B), and the muscle lipin-1

transgene largely restored the levels of mTOR protein in the muscle of fld/fld mice under

statin treatment (Figure 6C).

Finally, we examined whether statin treatment influenced muscle lipid content in a manner

that compounds the effects of lipin-1 haploinsufficiency. Statin treatment increased PA

levels in wild-type muscle and lipin-1-haploinsufficient muscle to levels that were similar to

those accumulating in response to PAP enzyme deficiency in fld/fld muscle (Figure 6D).

Acute statin treatment in C2C12 myotubes increased PA levels by about 25% (Fig. S6).

Statin also promoted accumulation of ceramide, ether phosphatidylcholine,

phosphatidylcholine, and sphingomyelin in lipin-1–hapoinsufficient and lipin-1–deficient

muscle (Figure 6E-F). Thus, statin treatment exacerbates lipid imbalances in lipin-1–

deficient muscle, and induces similar lipid abnormalities in lipin-1–haploinsufficient muscle.

Together, reduced lipin-1 levels and statin treatment intersect to induce autophagy (due to
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reduced mTOR), but also reduce the capacity for autophagy flux (due to increased PA and

reduced PKD activation), leading to impaired autophagy clearance (Figure 7).

DISCUSSION

The pathogenic mechanism for LPIN1-related myopathy is unknown. Here, we describe an

essential role for lipin-1 in maintenance of muscle integrity through autophagy. Lipin-1 PAP

activity is required for the generation of DAG and activation of the PKD-Vps34 signaling

cascade in autophagy clearance (Figure 7, left panel). In the case of lipin-1 deficiency, a

blockade in PAP activity leads to reduced DAG levels and impaired activation of PKD–

Vps34, preventing normal maturation of autolysosomes (Figure 7, right panel red arrows).

These defects likely contribute to rhabdomyolysis observed in lipin-1 deficiency. We

uncovered intersecting actions of lipin-1 and statin drugs on components of this pathway.

Like lipin-1 deficiency, statin treatment caused PA accumulation and reduced PKD

activation, even in wild-type mice (Figure 7, right panel blue arrows). Additionally, statin

treatment of lipin-1–deficient and – haploinsufficient mice led to reduced mTOR activity,

which is a trigger for autophagy induction. The combination of enhanced autophagy

initiation and impaired capacity for flux through the pathway induced statin-related

myopathy in mice with reduced lipin-1 activity.

We determined that lipin-1 PAP activity is critical for both activation of the PKD-Vps34

pathway and for TAG synthesis and storage in muscle. Previous studies showed that DAG

formation by PAP activity is important for activation of PKD in Golgi vesicle trafficking,

but it was unclear whether one of the lipin PAP enzymes or the lipid phosphate phosphatases

(previously known as PAP2 enzymes) are responsible (Asp et al., 2009; Baron and

Malhotra, 2002; Fernandez-Ulibarri et al., 2007). Here we demonstrate that lipin-1 PAP

activity is required for PKD activation and fusion of autophagosomes to lysosomes. The

addition of exogenous dipalmitoylglycerol, or expression of constitutively active PKD, both

largely rescued autophagy flux in lipin-1–deficient cells. This defines a previously unknown

role for lipin-1 enzyme activity in macroautophagy. Furthermore, it suggests that PKD

activation could be a potential therapeutic approach for treatment of lipin-1–related

rhabdomyolysis.

Our results also demonstrate that lipin-1 controls TAG storage in muscle. We previously

showed that lipin-1 transgene expression in muscle of wild-type mice leads to obesity and

insulin resistance, which may be influenced, in part, by enhanced TAG accumulation in

muscle (Phan and Reue, 2005). The current study highlights the detrimental effects of

lipin-1 deficiency on lipid homeostasis in muscle. Failure to synthesize and store TAG led to

an accumulation of unesterified fatty acids. A recent study demonstrated that myocytes

isolated from lipin-1–deficient patients also accumulate fatty acids, and suggested that

increased fatty acid synthesis may contribute (Michot et al., 2013). We did not observe

evidence for increased fatty acid synthesis, but did observe increased neutral lipid content in

the form of cholesteryl ester; we suspect that cholesteryl ester also accounts for the neutral

lipid droplets appearing in human lipin-1–deficient muscle. Cholesteryl esters may

accumulate as an alternative pathway to neutralize excess fatty acids in the absence of TAG

synthesis. It is also possible that the accumulation of fatty acids, phospholipids, and
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ceramides in lipin-1–deficient muscle contributes to the impaired autophagy and/or

mitochondrial function observed (Las et al., 2011).

Autophagy has an important housekeeping role in the routine clearance of protein

aggregates and damaged organelles, and the accumulation of abnormal mitochondria in

lipin-1–deficient muscle may result from impaired autophagic flux. Autophagy can also

serve to non-selectively degrade cytosolic contents to supply cells with essential

macromolecules and energy, and to ensure cellular survival during starvation (Levine and

Kroemer, 2008). A mysterious aspect of human lipin-1 deficiency is that patients exhibit

normal muscle function between rhabdomyolytic episodes, suggesting that mitochondrial

function is adequate to meet energy demands during everyday activities. The rhabdomyolitic

episodes are typically associated with fasting or intense exercise. Since fasting and exercise

also trigger autophagy (He et al., 2012), it is possible that the demand for autophagy during

these stresses provides the basis for induction of muscle damage in lipin-1–deficient

individuals under specific circumstances.

The observation that heterozygous LPIN1 mutation can be associated with statin-induced

myopathy inspired us to investigate the potential convergence of lipin-1 function and statin

toxicity. We determined that a 50% reduction of Lpin1 expression in mouse, similar to what

may occur in the heterozygous carriers of inactivating LPIN1 mutations, promotes muscle

damage in a statin-dependent manner. In our model, statins impaired intramuscular lipid

homeostasis, as indicated by the accumulation of FFA, PA, ether phospholipids and

ceramides. Interestingly, statin treatment in vivo produced two alterations that were also

observed as a consequence of lipin-1 deficiency—increased PA levels and reduced PKD

activation—and these effects occurred even in wild-type mice. PA levels were also

increased by treatment with three different statins in C2C12 myocytes. These observations

raise the question of whether statins act to inhibit lipin-1. We determined that statin

treatment does not reduce Lpin1 mRNA levels in mouse muscle. However, it remains

possible that statins increase PA levels through altering lipin-1 protein localization or

stabilization, or through lipin-1–independent processes, such as activation of diacylglycerol

kinase or phospholipase D. Along these lines, lovastatin enhances the catalytic activity of

phospholipase D2, promoting PA production (Cho et al., 2011).

Statin treatment in combination with lipin-1-haploinsufficiency or lipin-1-deficiency

produced more severe aberrations in cellular lipid homeostasis that with either perturbation

alone, with increased levels of several phospholipids and sphingomyelin. Together, impaired

lipin-1 levels and statin treatment also led to reduced mTOR and phospho-mTOR

abundance. It has been demonstrated that persistent inactivation of mTORC1 blocks

autophagy clearance and induces myopathy (Ching et al., 2013; Yu et al., 2010). Thus, the

combined effect of statin treatment and reduced lipin-1 content in heterozygous mice may

account for the similar (although less severe) phenotype as that observed in lipin-1–deficient

mice. It should be noted that the majority of muscle symptoms reported by individuals

taking statin drugs are not accompanied by biochemical or pathological evidence of muscle

disease, and the adverse muscle effects described here are most relevant to the rare cases of

statin-induced rhabdomyolysis. Our data suggest that heterozygous carriers of LPIN1
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mutations, which have been detected in the general population (http://www.

1000genomes.org/data), may be at risk for statin-induced rhabdomyolysis.

In summary, we demonstrate that lipin-1 PAP activity functions in autophagy to activate the

PKD–Vps34 cascade to promote autolysosome maturation. The loss of lipin-1 activity leads

to an accumulation of aberrant mitochondria and lipids in skeletal muscle. Statin treatment

also impairs PKD activation, which is compounded by lipin-1 deficiency or

haploinsufficiency. The demonstration that lipin-1 is required for autophagy clearance

suggests novel therapeutic approaches for lipin-1– and statin-related rhabdomyolysis.

EXPERIMENTAL PROCEDURES

Animals

BALB/cByJ Lpin1wt/fld mice were obtained from the Jackson Laboratory (Bar Harbor, ME)

and bred to generate mice of desired genotypes. We generated mice with lipin-1 expression

exclusively in muscle by crossing a MCK (muscle creatine kinase)-lipin-1 transgene onto

the Lpin1fld/fld background as we did previously (Phan and Reue, 2005). For statin treatment,

Pravastatin (150 μg/ml) was administered to female mice (aged 2-3 months) in the drinking

water, with an average consumption of 2.5 ml/day/mouse for 11 weeks. In pilot experiments,

circulating creatine kinase levels were elevated in fld/fld mice most significantly in a refed

state, and mice were therefore fasted 16 h and refed for 5 h (0800-1300) before blood and

tissue collection. The institutional Animal Care and Use Committee of the University of

California Los Angeles approved all animal experimental protocols.

Plasma Creatine Kinase (CK) Activity Analysis

Plasma creatine kinase activity was determined using a colorimetric detection kit (Pointe

Scientific Inc. Canto, MI) according to the manufacturer's instructions.

Histological Analysis of Skeletal Muscle

The whole muscle mass was dissected from the lower hindlimbs of mice, mounted onto a

filter paper, and then snap-frozen in liquid nitrogen. The frozen cross-sections from

midbelly of each muscle were stained with a battery of histochemical stains, including

hematoxylin and eosin, Oil Red O, and NADH-tetrazolium reductase as previously

described (Verity, 1991). Necrotic myofibers were scored in H&E stained sections as pale,

swollen fibers that had evidence of breaks in the muscle fiber membrane (Haller and

Drachman, 1980). To quantitate occurrence of necrotic fibers or central nucleated fibers,

non-overlapping images of the transverse sections of were tiled together to provide an entire

muscle cross–section, and fibers were counted on the entire muscle section using ImageJ

(Liu et al., 2011). To plot the frequency distribution of fiber area, approximately 500 and

300 fibers randomly selected from cross-sections of tibialis anterior and soleus muscle,

respectively, were analyzed with ImageJ (3 mice per group).

Lipid Analyses

Lipid analyses were performed as previously described (Zhang et al., 2012). Briefly, lipids

were extracted from the lower hindlimb muscle of mice by a modification of the Bligh and
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Dyer method. Phospholipid, sphingolipid, and diacylglycerol species were quantitated by

electrospray ionization-tandem mass spectrometry. Triacylglycerol, free cholesterol,

cholesteryl ester, and free fatty acid levels were determined using reagents from Wako

(Richmond, VA). Phosphatidic acid (PA) in primary mouse embryonic fibroblasts (MEFs)

or C2C12 myocytes was determined with a Total PA kit (Cayman, Ann Arbor, MI) (Zhang

et al., 2012), and diacylgycerol (DAG) was assessed with a mouse DAG ELISA kit

(MyBiosource Inc., San Diego, CA) (Cai and Sewer, 2013).

Muscle Oxygen Consumption Rate Measurements

Soleus muscle was isolated from mice and immediately finely minced in PBS, placed in the

bottom of a Seahorse Islet Capture Microplate, and oxygen consumption was assessed with

the Seahorse XF Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA) as

described previously (Vergnes et al., 2011).

Autophagy Analyses

Autophagic flux was assessed with the RFP-GFP-LC3 reporter plasmid (ptfLC3) as

described (Kimura et al., 2007). Primary MEFs cells split in a 12-well plate were infected

with lipin-1 adenoviruses for 16h, then transfected with ptfLC3 using BioT transfection

reagent (Bioland Scientific LLC, Paramount CA). Images were acquired with a confocal

laser scanning microscope (Leica SP2 1P-FCS; Bensheim, Germany). Puncta structures with

GFP–RFP and/or RFP signals were quantified in more than 80 cells per group, and the

degree of autophagosome maturation was expressed as percent of puncta with red color.

Endogenous Lipin-1, LC3, and LAMP-1 Immunohistochemistry

For co-localization of lipin-1 and LAMP-1, 4-d post-differentiation C2C12 myotubes were

treated with 2μM rapamycin (Sigma Aldrich, St Louis, MO) for 8h, 10μM lovastatin (Sigma

Aldrich) for 16h, or DMSO as control. Immunostaining was performed with as described

(Peterson et al., 2011). For co-localization of LC3 with LAMP-1, primary MEFs cells

infected with lipin-1 adenoviruses for 16h, then transfected for 24 h, and starved with Hank's

Balanced Salt Solution (HBSS) for 3 h. Sources of the antibodies: anti-lipin-1 was a kind

gift of Dr. Thurl Harris (Harris et al., 2007), anti-LC3 antibody was from Novus Biologicals,

and rat anti-LAMP-1 antibody was from BD Pharmingen (San Jose, CA). Images were

acquired by confocal laser scanning microscopy.

Vps34 Activity and PtIns3P production Assay

Vps34 activity was detected by visualization of phosphatidylinositol 3-phosphate (PtIns3P)

production on autophagosomes or autolysosomes using the p40phox-EGFP reporter (Kanai et

al., 2001). Primary MEFs were co-transfected with mRFP-LC3 and p40phox-EGFP plasmids

and subcultured onto collagen-coated coverslips. After overnight incubation, coverslips were

washed and culture medium replaced with Hank's Balanced Salt Solution (HBSS) for 6 h.

Puncta appearing yellow represent autophagosomes or autolysosomes containing PtIns3P,

whereas puncta appearing red represent autophagosomes or autolysosomes without PtIns3P.

The percentage of phagosomes containing PtIns3P was determined as the proportion of

yellow puncta to total puncta from 80 cells of each group.
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Statistical Analyses

The results are shown as mean ± S.D. We performed two-way analysis of variance

(ANOVA), or one-way ANOVA, followed with Bonferroni correction for multiple

comparisons (Stata 11). A p value < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Lipin-1 deficiency causes muscle damage related to impaired autophagy

clearance

• Lipin-1 phosphatidate phosphatase activity promotes autolysosome maturation

• Autophagy flux in lipin-1–deficient cells is rescued by activated protein kinase

D

• Lipin-1 and statin drug effects converge in the autophagy pathway in muscle
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Figure 1. Myopathy in Lipin-1–deficient and Statin-treated Lipin-1–haploinsufficient Mice
(A) Lpin1 mRNA levels in muscle of lipin-1–deficient (fld/fld), heterozygous (wt/fld), and

wild type (wt/wt) mice (n = 6 mice/genotype).

(B) Plasma creatine kinase (CK) activity in mice fasted 16 h and refed for 5 h (n = 5-12 mice

per group).

(C) Left, Representative image of necrotic myofibers (enclosed in dashed line circles) in

transverse section of lower hindlimb muscle (H&E stain). Right, Necrotic myofiber

frequency as a percentage of total fiber number (n = 5 mice per group). Scale bars in panels

(C), (D) and (E) correspond to 50μm.

(D) Left, Representative image of centrally nucleated myofibers (arrowheads) in transverse

section of lower hindlimb muscle (methyl Green stain). Right, Centrally nucleated myofiber

frequency as a percentage of total fiber number (n = 5).

(E) Upper, Oil Red O (ORO)-stained sections from tibialis anterior muscle. Lower, NADH-

tetrazolium reductase (NADH-TR) staining of sections adjacent to those stained with ORO.

Lipid accumulation present in type I fibers (dark blue), but not type II fibers (light blue).

(F) Lipid quantification in lower hindlimb muscle from mice under basal and statin treated

conditions. Measurements were made biochemically (TG, CE, FFA) or with electrospray

ionization mass spectrometry (PA) (n = 3-6). TG, triacylglycerol; CE, cholesteryl esters,

FFA, unesterified fatty acids; PA, phosphatidatic acid. *, p < 0.05; **, p < 0.01 vs. indicated

group; §, p < 0.05, vs. all other groups.
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Figure 2. Muscle Lipin-1 Transgene Ameliorates Muscle Breakdown and Statin-Induced
Myopathy
(A) RT-PCR analysis of Lpin1 mRNA in tissues of wild-type (wt/wt), fld/fld, or fld/fld mice

with MCK-lipin-1 transgene (fld/fld–MCK Tg).

(B) Muscle lipin-1 transgene normalizes plasma CK to wild-type levels in fld/fld mice and in

wt/fld mice treated with statin (n = 3-6 mice per group).

(C) Muscle lipin-1 transgene reduces the frequency of centrally nucleated myofibers in

fld/fld mice under basal conditions. Left, representative centrally nucleated myofibers

(arrowheads) in transverse section of hindlimb muscle (Methyl Green stain). Right,

frequency of centrally nucleated fibers as percentage of total fiber number (n = 3-6). Scale

bars in panels (C) and (D) correspond to 50μm.

(D) Muscle lipin-1 transgene prevents the accumulation of neutral lipid droplets in skeletal

muscle of fld/fld mice. Staining is as described in Figure 1E.

(E–H) Lipid levels in lower hindlimb muscle of fld/fld–MCK Tg and littermates of all

genotypes, as indicated (n = 3-6). Lipid abbreviations as in Fig. 1F. *, p < 0.05; **, p < 0.01

vs. indicated groups; §, p < 0.05 vs. all other groups.
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Figure 3. Lipin-1 Deficiency Impairs Mitochondrial Function and Autophagy Clearance in
Muscle
(A) Representative electron micrographs showing accumulation of swollen, abnormally

shaped mitochondria in fld/fld soleus muscle under the basal condition (Upper), and

presence of disorganized cristae after statin treatment (Lower). Scale bar = 0.5μm.

(B) Relative mitochondrial DNA content in hindlimb muscle of mice normalized to genomic

DNA (n = 5-6).

(C) Real-time analysis of oxygen consumption rate in soleus muscle under the basal

condition and after addition of respiration uncoupler, FCCP (mesoxalonitrile 4-

trifluoromethoxyphenylhydrazone) (n = 5 mice per group). wt/wt vs fld/fld, *, p < 0.05; **, p

< 0.01.

(D) Immunoblot analysis of LC3-I, LC3-II, and p62 proteins in the lower hindlimb muscle.

Upper, mice on a chow diet were fasted for 16 h (Fasted) or fasted 16 h and refed for 5 h

(Refed), as indicated. Lower, analysis of mice maintained under basal conditions (Chow) or

statin treatment (analyzed after fasting 16 h and feeding 5 h).

(E) The muscle lipin-1 transgene prevents the accumulation of LC3-I, LC3-II, and p62

proteins in lower hindlimb muscle of fld/fld (analyzed after fasting 16 h and feeding 5 h).

(F) Co-localization of endogenous lipin-1 (green) and LAMP-1 (red) in C2C12 myotubes

visualized by confocal fluorescence microscopy. Cells were analyzed under control
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conditions (DMSO), after induction of autophagy (2 μM rapamycin), or statin treatment (10

μM lovastatin). Scale bar = 10μm.

(G) Lipin-1 is degraded through the proteasome pathway. HEK 293 cells were transfected

with plasmids encoding lipin-1 for 16 hr, then treated with vehicle control, MG132, or

chloroquine for an additional 20 h at concentrations indicated, and indicated protein levels

determined by Western blot.
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Figure 4. Lipin-1 PAP Activity is Required for Optimal Autolysosome Formation
(A) Left, autophagosome (yellow puncta) or autolysosome (red puncta) formation in mouse

embryonic fibroblasts (MEFs) from wild-type (WT) and fld/fld mice infected with

adenovirus expressing a control gene (LacZ), wild-type lipin-1 (WT-lipin-1), or PAP–

deficient lipin-1 (PAPdef-lipin-1). Cells were depleted of glucose and amino acids for 6 hr.

Right, quantification from experiments shown at left. Percentage of LC3 reporter present in

autolysosomes (80 cells per group), and PA and diacylglycerol (DAG) level were

determined biochemically (n=3). *, p < 0.05; **, p < 0.01.

(B) Co-localization by confocal microscopy of endogenous LC3 (green) and LAMP-1 (red)

in primary MEFs infected with adenoviruses indicated at left. Enlargements from each of the

panels are shown at right. Scale bars in panels (A) and (B) correspond to 10μm.
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Figure 5. Lipin-1 Deficiency Inhibits the PKD-Vps34 Pathway in Autophagy Clearance
(A) Diacylglycerol quantification by electrospray ionization mass spectrometry in hindlimb

muscle of wild-type (wt/wt) and fld/fld mice (n = 3). The molecular species of diacylglycerol

in muscle are represented as the number of carbons:number of double bonds. *, p < 0.05.

(B) Immunoblot showing addition of 1,2-dipalmitoyl-sn-glycerol (DPG, 100 μM) increases

LC3-II degradation in starved fld-MEFs.

(C) Immunoblot assessment of the activity of muscle protein kinase C (PKC) isoforms and

protein kinase D (PKD) with the indicated antibodies.

(D) Muscle lipin-1 transgene rescues PKD activity in fld/fld muscle in mice under basal

conditions.

(E) Immunoblot analysis of PKD activity in muscle of mice under basal (Chow) and statin

treated conditions.

(F) Analysis of Vps34 activity in autophagy by co-localization of PtIns3P binding probe

GFP-p40phox and RFP-LC3 in primary MEFs after starvation. Left, representative confocal

microscopy images, with PtIns3P presence in autophagosomes indicated by yellow puncta.

Right, percentage of autophagosomes with visible yellow puncta, indicating presence of

PtIns3P. n = 80 cells per group. Scale bars in panels (F) and (G) correspond to 10μm.

(G) Expression of active PKD restores autophagy flux in fld-MEFs. Constitutively active

PKD (S738E/742E) and RFP-GFP-LC3 reporter were co-transfected into primary MEFs.

Left, representative confocal microscopy images. Red puncta indicate formation of
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autolysosomes. Right, percentage of LC3 reporter present in autolysosomes. n = 80 cells per

group. *, p < 0.05.
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Figure 6. Statin Reduces mTOR Abundance and Promotes Lipid Accumulation in Lipin-1–
deficient and –haploinsufficient Muscle
(A) Immunoblot assessment of Akt/FoxO3 and mTOR pathways in skeletal muscle using

the indicated antibodies.

(B) Statin-induced reduction in mTOR levels of lipin-1-haploinsufficient (wt/fld) muscle.

(C) Muscle-specific lipin-1 transgene prevents statin-induced reduction in mTOR abundance

in fld/fld muscle.

(D-F) Mass spectrometry analysis of phospholipids and sphingolipids in hindlimb muscle

from mice under basal conditions and after statin treatment (n = 3–6). PA, phosphatidic acid;

ePC, ether phosphatidylcholine; PC, phosphatidylcholine; SM, sphingomyelin. *, p < 0.05;

**, p < 0.01 vs. indicated groups; §, p < 0.05 vs. all other groups.
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Figure 7. Proposed Role of Lipin-1 in Regulation of Lipid Levels, Autophagy Clearance, and
Protection Against Statin Myotoxicity
Left, In wild-type muscle, lipin-1 converts PA to DAG, providing substrate for TAG

synthesis and activating PKD, with subsequent activation of Vps34 during autolysosome

assembly. These steps allow normal autophagy flux. Right, In lipin-1 deficiency (red arrows

and lines), the lipin-1 enzyme substrate, PA, accumulates and DAG levels are reduced. This

causes impaired TAG synthesis, reduced PKD/Vps34 activation (active forms signified by

asterisk), and reduced autophagic flux. Statin treatment has similar effects as lipin-1

deficiency at some points (blue arrows and lines). Statins cause increased PA accumulation

and reduced PKD activation both in wild-type and lipin-1–haploinsufficient backgrounds. In

addition, statin treatment in combination with lipin-1-haploinsufficiency or lipin-1

deficiency causes reduced mTOR activation, and autophagy initiation. The net result of

statin treatment and reduced lipin-1 activity is to increase autophagy initiation, but prevent

optimal flux through the pathway, leading to impaired autophagy clearance.
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