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Lipin-1 and lipin-3 together determine
adiposity in vivo
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ABSTRACT

The lipin protein family of phosphatidate phosphatases has an established role in triacylglycerol synthesis and storage. Physiological roles for lipin-1
and lipin-2 have been identified, but the role of lipin-3 has remained mysterious. Using lipin single- and double-knockout models we identified a
cooperative relationship between lipin-3 and lipin-1 that influences adipogenesis in vitro and adiposity in vivo. Furthermore, natural genetic variations
in Lpin1 and Lpin3 expression levels across 100 mouse strains correlate with adiposity. Analysis of PAP activity in additional metabolic tissues from
lipin single- and double-knockout mice also revealed roles for lipin-1 and lipin-3 in spleen, kidney, and liver, for lipin-1 alone in heart and skeletal
muscle, and for lipin-1 and lipin-2 in lung and brain. Our findings establish that lipin-1 and lipin-3 cooperate in vivo to determine adipose tissue PAP

activity and adiposity, and may have implications in understanding the protection of lipin-1-deficient humans from overt lipodystrophy.

© 2013 The Authors. Published by Elsevier GmbH. All rights reserved.
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1. INTRODUCTION

Lipins are phosphatidate phosphatase (PAP) enzymes that catalyze the
penultimate step in triacylglycerol (TAG) biosynthesis, the dephosphor-
ylation of phosphatidate to diacylglycerol [1-5]. Lipins also possess a
transcriptional coactivator motif and have been shown to co-regulate the
expression of fatty acid oxidation and inflammatory genes [6—10]. While
invertebrates and single-celled eukaryotes possess a single lipin,
mammals have three lipin family members (lipin-1, lipin-2, and lipin-
3), which presumably arose through gene duplication. Mammals
possess many such gene families, and in the case of enzyme families,
different family members often display the capacity to carry out the
same enzymatic step. The existence of multiple enzymes for the same
biochemical reaction often raises questions about the precise role of
each family member in vivo. We hypothesized that each lipin protein
plays a unique physiological role despite similar enzymatic capabilities
in vitro.

To date, most studies of mammalian lipin protein function have focused
on lipin-1, the founding member of the family (reviewed in [5,10]). In the
mouse, lipin-1 deficiency causes severe lipodystrophy with reduced TAG
stores in adipocytes, insulin resistance [1,11,12], impaired hepatic lipid
homeostasis during the neonatal period, and peripheral neuropathy in

adults [13-15]. Lipin-1 is critical for PAP activity in adipose tissue,
providing a ready explanation for the reduced TAG stores in the adipose
tissue of lipin-1-deficient mice. Lipin-1 deficiency also lowers PAP
activity in skeletal and cardiac muscle [3,4,16]. On the other hand,
increased lipin-1 expression in adipose tissue increases adiposity
[17,18]. In humans, lipin-1 deficiency does not cause lipodystrophy
but leads to recurrent rhabdomyolysis [19-21]. The fact that humans
with lipin-1 deficiency do not manifest lipodystrophy suggests that a
compensatory mechanism for TAG synthesis could exist in human
adipose tissue, presumably due to the activity of other lipin family
members. Compensation by other lipin family members might also exist
in mice. While lipin-1-deficient mice manifest overt lipodystrophy, they
still have a small amount of TAG-containing adipose tissue. The
existence of that small amount of adipose tissue, despite an absence
of lipin-1, could be due to compensation by lipin-2 or lipin-3.

Lipin-2 and lipin-3 exhibit tissue expression patterns distinct from lipin-1
and from each other, and many tissues express multiple lipin family
members. Lipin-2 is highly expressed in liver and cerebellum, but lipin-1
is also present in these tissues [7,22]. We have already shown that lipin-
1 and lipin-2 are both required for adequate PAP activity under
physiological stresses such as aging (in cerebellum) and high-fat
feeding (in liver); however, we did not find a significant role for
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lipin-2 in adipose tissue [22]. Lipin-3 is expressed in adipose tissue, as
well as in kidney, intestine, heart, and liver [4,16]. Each of those tissues
also expresses lipin-1 and/or lipin-2, making it difficult to define the
physiological role of lipin-3. Here, we employed single- and double-
knockout models to investigate the possibility that lipin-3 plays an
important role in adipose tissue in vivo.

2. MATERIALS AND METHODS

2.1. Animal studies

Lpin3K0O mice were generated by targeted trapping [23]. The trapping
vector, which contained a splice acceptor site upstream of a promoterless (-
geo cassette, was inserted into intron 3 of Lpin3. Targeted 129/0laHsd
embryonic stem cells were injected into C57BL/6J blastocysts. Male
chimeric mice were mated with C57BL/6J females, and the progeny were
backcrossed to C57BL/6J mice. Wild-type and mutant alleles were detected
by PCR with the following primer pairs: wild-type, tagagttgcctggactgtgg and
tetggtgttggetttice; mutant, ttatcgatgagegtggtgatt and gegegtacatcgggeaaataa.
Animals heterozygous for the fld allele (a nonfunctional Lpin7 allele that
arose by spontaneous mutation [14]) were obtained from The Jackson
Laboratory (Bar Harbor, ME). The fid mice were mated with Lpin3*/~
mice, and the resulting Lpin?+’~ Lpin3*'~ mice were intercrossed to
obtain Lpin1~/~ Lpin3~/~ (Lpin1/3K0) mice as well as wild-type and
single-knockout littermates.

All mice were housed under 12-h light—dark conditions and fed a chow
diet containing 4.5% fat and 50% carbohydrate by weight (Lab Diet
5001, Purina, St. Louis, MO). In specified studies, mice were fed a high-
fat diet containing 35% fat and 33% carbohydrate (Diet F3282, Bio-Serv,
Frenchtown, NJ). Animal studies were approved by UCLA's Animal
Research Committee.

2.2. Adipocyte differentiation studies

Mouse 3T3-L1 cells were obtained from Zen-Bio (Research Triangle
Park, NC) and grown to confluency in a preadipocyte medium containing
DMEM with bovine calf serum (Zen-Bio #PM-1-L1). 48 h post-
confluence (day 0), cells were induced to differentiate with an
adipogenic medium containing dexamethasone, insulin, isobutylmethyl-
xanthine, a PPARy agonist, and FBS (Zen-Bio #DM-2-L1). After 3 days,
the cells were switched to an adipocyte maintenance medium contain-
ing insulin, dexamethasone, and FBS (Zen-Bio #AM-1-L1), and the
medium was refreshed every other day. Cells were collected in RiboZol
reagent (Amresco, Solon, OH) on days 0, 3, 6, 10, and 14, and total RNA
was isolated.

Human subcutaneous primary preadipocytes from middle-aged female
donors with a normal body mass index (mean, 26.8 kg/m?) were
obtained from Zen-Bio and differentiated with an adipogenic medium
containing dexamethasone, insulin, isobutylmethylxanthine, a PPARy
agonist, and FBS (Zen-Bio #DM-2). After 7 days, the cells were placed in
an adipocyte maintenance medium containing insulin, dexamethasone,
and FBS (Zen-Bio #AM-1). Cells were collected in RiboZol on days 0, 4,
8, and 14.

Mouse stromal vascular cells were isolated from inguinal fat pads of
wild-type and Lpin3KO mice. The tissue was minced and incubated for
1 h with shaking at 37 °C in 3 ml of HEPES:collagenase solution (0.1 M
HEPES, 0.12 M NaCl, 50 mM KCl, 5 mM b-glucose, 1.5% BSA, 1 mM
CaCl,, and 1000 units/ml collagenase). Samples were centrifuged at
50 x g for 5 min. The upper layer of tissue debris was discarded and
the middle layer was centrifuged again at 200 x g for 10 min to pellet
the stromal vascular cells, which were plated in DMEM containing 10%
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FBS. 48 h post-confluence (day 0), cells were induced to differentiate in
1 uM dexamethasone, 5 pg/ml insulin, 0.5 mM isobutylmethylxanthine,
1 uM rosiglitazone, and 10% FBS. After 2 days, the cells were
maintained with insulin, rosiglitazone, and FBS, and the medium was
refreshed every other day. On day 6, cells were collected in RiboZol
reagent for RNA isolation, or fixed with 10% formalin for 1 h and stained
with Oil Red O in 60% isopropanol.

2.3. Lipin-1 and lipin-3 subcellular localization

COS-7 cells were transfected with lipin-1-V5 or lipin-3-myc in
pcDNA3.1, separately or in combination. After 48 h, cells were fixed
with 4% paraformaldehyde, permeabilized with 0.2% saponin, and
incubated with primary antibodies (mouse anti-V5 for lipin-1 or rabbit
anti-myc for lipin-3) at a dilution of 1:500. After washing, the cells were
incubated with fluorescent-labeled secondary antibodies [donkey anti-
mouse Cy3 (red) or donkey anti-rabbit Alexa Fluor 488 (green)]. Nuclei
were counterstained with DAPI, and the cells were visualized by
confocal microscopy.

2.4. Biochemical and molecular analyses.

For gene expression analyses, cells were collected or tissues were
homogenized in RiboZol reagent and processed to isolate total RNA,
which was reverse-transcribed into cDNA with the iSCRIPT kit (Bio-Rad,
Hercules, CA). Real-time quantitative PCR (qPCR) was performed on a
Bio-Rad iCycler with the SsoFast EvaGreen Supermix reagent and
protocol (Bio-Rad). Plate setup and analysis were performed as
described [24].

Western blot analyses were performed as previously described [7,22],
with minor modifications. Tissues were homogenized or cells were lysed
in lysis buffer [250 mM sucrose, 20 mM Tris, 1 mM EDTA, 1.4% Triton
X-100, 1 x Complete Mini EDTA-free protease inhibitor cocktail (Roche
Diagnostics GmbH, Mannheim, Germany), 1 x phosphatase inhibitor
cocktail 1, and 1 x phosphatase inhibitor cocktail 2 (Sigma, St. Louis,
MO0)] and centrifuged to remove debris. Protein lysates (40 g for liver,
80 pg for adipose tissue, 20 pg for cultured cells) were run on a 3-8%
Tris-acetate gel, transferred to nitrocellulose membrane, and blotted
with primary antibody, followed by HRP-conjugated secondary antibody
and detection by chemiluminescence (ECL2 kit #80196, Thermo Fisher,
Rockford, IL). The lipin-1 antibody was a gift of Dr. Maroun Bou Kahlil
(University of Ottawa, Ottowa, Ontario). The lipin-2 antibody was a gift of
Dr. Brian Finck (Washington University, St. Louis, MO). The lipin-3
antibody was from Lifespan Biosciences (#C37207, Seattle, WA). The
p-actin antibody was from Sigma (#A1978, St. Louis, MO).

PAP activity was measured in tissue lysates as described [4,16].
Briefly, fresh tissue was homogenized in PAP lysis buffer [250 mM
sucrose, 2 mM dithiothreitol, 0.15% Tween-20, phosphatase inhibitor
cocktails 2 and 3 (Sigma, St. Louis), 1 x Complete Mini EDTA-free
protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim,
Germany)], flash-frozen, and stored at —80 °C. PAP activity was
measured at pH 6.5 and 37 °C with liposomes containing a 0.6 mM
[*HJPA substrate (made from [*H]palmitate) with 0.4 mM phosphati-
dylcholine in 100 mM tris/maleate buffer with 5 mM MgCl,, 2 mg/ml
fatty acid-poor BSA, and 0.05% Tween-20. The reaction was halted
with chloroform containing 0.08% olive oil as an acylglycerol carrier,
and basic alumina was added to remove any PA or [*H]palmitate
formed by phospholipase A activity. The [°H]DAG product was
quantified by scintillation counting. Starting lysate amounts and
incubation times were optimized to achieve < 15% PA consumption,
and three different protein concentrations per sample were analyzed to
ensure linearity of the assay. Parallel assays were performed in the
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presence of the inhibitor NEM (5 mM) to assess the contribution of
PAP-2 activity, which was then subtracted to obtain lipin PAP activity
levels.

Triacylglycerol concentration in tissue extracts was determined with a
colorimetric biochemical assay (L-Type triglyceride M, Wako, Richmond,
VA) and normalized to total protein concentration.

2.5. Metabolic characterization

Mice were fasted for 5h (0800-1300) before blood and tissue
collection. Blood glucose was measured with a OneTouch Ultra Blood
Glucose monitor (LifeScan, Milpitas, CA). Plasma lipid levels (triglycer-
ides, free fatty acids, total cholesterol, HDL cholesterol, and unesterified
cholesterol) were determined as described [25]. Plasma chemistries
(alanine aminotransferase, aspartate aminotransferase, total bilirubin,
albumin, vy-glutamyl transpeptidase, blood urea nitrogen, inorganic
phosphorus, creatine kinase, cholesterol, total protein, glucose, and
amylase) were measured on an ACE Alera automated biochemistry
analyzer (Alfa Wassermann, West Caldwell, NJ).
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2.6. Correlation of gene expression with adiposity traits in the Hybrid
Mouse Diversity Panel (HMDP)

The HMDP strains, phenotypic analyses, and gene-expression profiling
have been described previously [26,27]. Briefly, 114 inbred and
recombinant inbred mouse strains (4—6 mice/strain) were assessed at
16 weeks of age for body composition with an EchoMRI instrument.
Individual fat pats were dissected and weighed, and adipose tissue gene
expression was evaluated with Affymetrix microarrays (Mouse Genome
HT_MG430A arrays, Santa Clara, CA). We then tested correlations of
Lpin1, Lpin2, Lpin3, and Pparg expression. The adiposity traits were
highly correlated with one another and therefore cannot be considered
independent.

2.7. Statistics

For pairwise comparisons, a Student's t-test was used. For comparisons
involving multiple genotypes, two-way ANOVA was used, with Lpin?
genotype (WT or KO) and Lpin3 genotype (WT or KO) as the two
covariates. For the growth curves (Figures 4D and S4B), linear
regression was performed separately for male and female mice, with
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Figure 1: Lipin-3 is regulated during adipogenesis. gPCR analysis of gene expression during adipogenesis of (A) the mouse 3T3-L1 preadipocyte cell line and (B) human primary preadipocytes

from day O to day 14 after induction by adipogenic cocktail. n=3 wells/time point.
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Figure 2: Lpin3KO stromal vascular cells exhibit impaired adipogenesis. (A) Generation of Lpin3K0 mice. A B-geo element preceded by a splice acceptor was placed between exons 3 and 4 of
Lpin3. Resulting transcripts contain Lpin3 exons 1-3 spliced to B-geo, causing a truncated fusion protein that lacks PAP activity and other known lipin functional elements. (B, C) Western blot
analysis of lipin protein levels in liver and adipose tissue from WT and Lpin3KO mice; n=3 per genotype. -actin serves as a loading control. (D) Impaired lipid accumulation (dark droplets) 6 days
after differentiation induction in stromal vascular cells isolated from Lpin3KO mice. Images are representative of independent experiments with 6 wild-type (WT) and 7 Lpin3KO mice (see also Figure
S3). Bright field images at 200 x magpnification. (E) gPCR analysis of gene expression at 6 days after differentiation induction. n=6-7 biological replicates/genotype; ““p < 0.01 compared to WT.

age, Lpin1 genotype, and Lpin3 genotype as the three covariates. For all
comparisons, an alpha value of 0.05 was used.

3. RESULTS

3.1. Lipin-3 is regulated during mouse and human adipogenesis
Lpin1 expression is highly induced during adipocyte differentiation [28]
(Figure 1A). Analysis of 3T3-L1 murine preadipocytes and primary
human preadipocytes revealed that Lpin3 and LPIN3 expression are also
induced during adipogenesis (~ 8-fold), whereas Lpin2/LPIN2 expres-
sion is not regulated (Figure 1A and B). As expected, Pparg/PPARG and
Fabp4/FABP4 expression levels increased during adipocyte maturation,
while DIk1/DLK1 expression fell (Figure 1A and B). These results led us
to hypothesize that both lipin-1 and lipin-3 play a role in adipocytes.

3.2. Lipin-3-deficient mice exhibit subtle metabolic abnormalities

To assess the relevance of lipin-3 in adipogenesis, we created lipin-3
knockout (Lpin3K0) mice by introducing a promoterless p-geo cassette
(a fusion of p-galactosidase and neomycin resistance genes) into intron
3 of Lpin3 (Figure 2A). The mutant allele expresses a transcript
containing sequences from the first three exons of Lpin3 fused to B-
geo; the predicted protein product lacks the majority of lipin-3 protein
sequence, including the PAP and coactivator motifs. Lipin-3 deficiency
was confirmed by analyzing mRNA and protein levels (Figure 2B and C).
Lpin3KO mice were born at the expected Mendelian frequency, and their
gross appearance was indistinguishable from wild-type mice. In both
mice and humans, lipin-3 mRNA is expressed in metabolic tissues (e.g.,
small intestine, kidney, liver, adipose tissue) [4], and we therefore
assessed body and tissue weights, body composition, and plasma lipid
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levels in Lpin3KO mice. Lipin-3 deficiency did not affect body weight or
tissue weight on a chow diet (Figures S1A and S2A and B), nor did it
affect weight gain on a high-fat diet (Figure S1B). At an advanced age
(14-16 months), Lpin3KO mice had slightly reduced body weight, but
tissue weights and plasma lipid levels were within the normal range
(Figures S1C and S2C).

3.3. Lipin-3 deficiency impairs the adipogenic potential of stromal
vascular cells

Although Lpin3K0 mice did not exhibit an overt metabolic phenotype,
the striking induction of lipin-3 expression during mouse and human
adipocyte differentiation suggested a local role in adipose tissue. We
therefore tested whether lipin-3 deficiency affects adipogenesis in
stromal vascular cells from fat pads of wild-type and Lpin3KO mice.
Lipin-3 deficiency led to a reduced capacity for adipocyte develop-
ment. Compared with the wild-type cells, a smaller proportion of lipin-
3-deficient cells accumulated lipid droplets, and the droplets were
smaller (Figures 2D and S3). Furthermore, the expression of genes
that promote adipogenesis (e.g., Pparg, Fabp4, Lpin1) was atten-
uated in Lpin3KO adipocytes. DIk1 expression levels after 6 days of
differentiation were very low and were similar in wild-type and KO
cells (Figure 2E).

3.4. Combined presence of lipin-1 and lipin-3 influences lipin
subcellular localization and protein levels

Primary preadipocytes from lipin-1-deficient [24] and lipin-3-deficient
mice (Figure 2D and E) each exhibit impaired adipocyte differentiation
in vitro. Given the precedence for lipin-1 and lipin-2 protein
cooperation in tissues such as brain and liver [22], we hypothesized
that lipin-1 and lipin-3 may also function together. In support of this

www.molecularmetabolism.com
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Figure 3: Lipin-1 and lipin-3 influence the subcellular localization and levels of one another. (A-C) Representative confocal microscopy analysis of COS-7 cells transfected with lipin-1-V5 plasmid
(A), lipin-3-myc plasmid (B), or both plasmids (C). The cells were then visualized by confocal immunofluorescence microscopy with anti-V5 or anti-myc primary antibodies, followed by secondary
antibodies labeled with Cy3 (red) or Alexa Fluor 488 (green). (D) HEK 293T cells were transfected with plasmids for lipin-1-V5 and lipin-3-myc independently or in combination. Plasmid quantity

was kept constant with the addition of empty vector (DCDNA3.1), as indicated. After 48 h, cells were collected and proteins analyzed by Western blot.

possibility, we observed that the co-expression of lipin-1 and lipin-3 in
cultured cells influences the subcellular localization and the levels of
the two lipins. When expressed alone in HEK 293 cells, lipin-1
localized primarily to the cytoplasm, with low amounts in the nucleus
(Figure 3A). Lipin-3 expressed alone localized exclusively to the
cytoplasm (Figure 3B). When lipin-1 and lipin-3 were expressed
together, the localization of both lipins was altered. The cytoplasmic
localization of lipin-1 was reduced, and a significant amount of the

MOLECULAR METABOLISM 3 (2014) 145-154
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lipin-1 was concentrated in the perinuclear region; lipin-3 was visible
in both the nucleus and the cytoplasm (Figure 3C). Also, we observed
substantial co-localization of lipin-1 and lipin-3 in the cytoplasm, the
perinuclear region, and the nucleus (Figure 3C, yellow areas in the
merged image).

The combined presence of lipin-1 and lipin-3 also influenced lipin
protein levels. Co-expression of lipin-1 and lipin-3 from a heterologous
promoter led to dramatically increased lipin-1 protein levels compared to
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Figure 4: Lipin-3 is critical for optimal PAP activity in adipose tissue and a determinant of adiposity in vivo. PAP activity levels (A) and triacylglycerol (TAG) content (B) of adipose tissue from WT,
LpinTKO, Lpin3K0 and Lpin1/3K0 mice. Values represent mean 4 SD from 4 mice per genotype, analyzed at 1 month of age; n.d., not detectable. (C) Lipin-3 deficiency exacerbates lipodystrophy
in Lpin7KO mice. Gonadal and inguinal (subcutaneous femoral) fat depot size expressed as percent body weight at 6 months of age for indicated genotypes; n=4—6/genotype. (D) Body weight as
a function of age, separated by genotype. Dots represent independent data points and lines represent best-fit regression lines. Groups with statistically significant differences are indicated by brackets

in figure legend; n=146 male mice. For (A-D), *p < 0.05; *p< 0.01; **p < 0.001.

Trait Correlation coefficients
Lpin1 Lpin3 Lpin2 Pparg

Femoral fat pad, raw —0.465"" —0.398" ns. —0.312

(As % body weight) — 0524 —0.401"" ns. -0331"
Mesenteric fat pad, raw —0.381™ —0.272" ns. —-0270"

(As % body weigh) —0.360"" —0.284" ns 0269
Gonadal fat pad, raw —0.468" —0.263" ns. —-0.330"

(As % body weight) —0.461"" —0.223" ns —0318"
Retroperitoneal fat pad, —0.379" —0.243° ns. —-0279"

raw

(As % body weight) —0.402" —0.239° ns. —0.268
Total body fat, raw —0.448" —0.322 ns. —0.309"

(As % body weight) —0522% =3B n.s. —0.354"
Glucose-to-insulin ratio 0.270™ 0.294™ n.s. n.s.

Table 1: [pin7 and Lpin3 expression levels are correlated with adiposity in mice.
Statistically significant correlation coefficients between gene expression and adiposity or
metabolic traits are listed. *p < 0.05. *p < 0.01. **p<0.001. ***p< 0.0001. n.s.,, not
significant,

expression of the same amount of lipin-1 plasmid alone; expression of
lipin-1 in combination with lipin-3 led to modestly reduced lipin-3 levels
(Figure 3D). Taken together, these in vitro studies revealed a complex
relationship between lipin-1 and lipin-3, and provided impetus to
examine the roles of lipin-1 and lipin-3 in vivo.
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3.5. Lipin-3 is required for optimal PAP activity in adipose tissue

Our in vitro studies indicated roles for both lipin-1 and lipin-3 in
adipocytes, but the lack of an overt adipose tissue phenotype in Lpin3K0
mice suggested at least partial compensation by lipin-1 in vivo. To
clarify the roles of lipin-1 and lipin-3 in vivo, we analyzed adipose tissue
in mouse models expressing both proteins, each protein independently,
or neither protein. We crossed lipin-1-deficient Lpin1™™ mice (referred
to as Lpin7KO mice) with Lpin3KO mice to yield four groups of mice:
wild-type (WT), Lpin7KO, Lpin3KO, and Lpin1/3K0. To identify unique
and cooperative roles for lipin-1 and lipin-3, we assessed the effects of
lipin-1 and lipin-3 activity across all four groups with two-way ANOVA,
using Lpin1 genotype (WT or KO) and Lpin3 genotype (WT or KO) as the
two covariates.

We first assessed the effects of lipin-1 and lipin-3 deficiencies on PAP
activity and TAG content in adipose tissue (Figure 4A and B). In
agreement with earlier studies [3,4], lipin-1 was critical for adipose
tissue PAP activity. To our surprise, lipin-3 deficiency also had a
profound effect on adipose tissue PAP activity, reducing it by 85%
(0.66 4 0.5 nmol/mg/min  vs. 5.8 + 0.4 nmol/mg/min in wild-type
mice). Despite the reduced adipose tissue PAP activity, the adipose
tissue in the single-knockout mice retained 40-80% of wild-type TAG
levels. In contrast, the loss of both lipin-1 and lipin-3 led to undetectable
TAG within adipose tissue (Figure 4B).

www.molecularmetabolism.com
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Figure 5: Contribution of lipin-1, lipin-2, and lipin-3 to PAP activity in metabolic tissues. (A) PAP activity was measured in 7 non-adipose tissues of WT, Lpin7KO, Lpin3KO and Lpin1/3K0 mice.

Three patterns were observed. Pattern 1 is defined by a requirement for both lipin-1 and lipin-3,

such that loss of either protein results in a dramatic loss of PAP activity, suggesting a cooperative

relationship between lipin-1 and lipin-3. In addition to adipose tissue, this pattern was observed in spleen, kidney, and liver (B). Pattern 2 was observed in heart and skeletal muscle, where the only
determinant of PAP activity was lipin-1 (C). Pattern 3 was observed in lung and brain, where lipin-1 and lipin-2 contributed additively to PAP activity (D).

3.6. Lipin-1 and lipin-3 together influence adiposity in vivo
Consistent with the roles for both lipin-1 and lipin-3 in adipose tissue
PAP activity, both lipin-1 and lipin-3 influenced adiposity in vivo. As
expected, fat pad size in lipin-1-deficient mice was markedly lower than
in wild-type mice (Figures 4C and S4A). Lipin-3 deficiency alone did not
affect fat pad mass, but fat pad sizes in Lpin1/3K0 mice were smaller
than in Lpin1KO mice (Figures 4C and S4A).

The effect of lipin-1/3 deficiency on fat pad mass was reflected in total
body weight. We measured body weight in 303 mice (146 males, 157
females) and performed linear regression with age, Lpin7 genotype, and
Lpin3 genotype as independent predictors of body weight. Males and
females were analyzed separately. As expected, Lpin7KO mice were
significantly smaller than wild-type littermates, both for males (p <
0.001) and females (p < 0.001) (Figures 4D and S4B). In males, lipin-3
deficiency also lowered body weight (p < 0.01) (Figure 4D). Females
exhibited the same trend (Figure S4B). Thus, lipin-1 and lipin-3 are
independent determinants of body weight.

The effects of lipin-1/3 deficiency on body weight were largely due to
effects in adipose tissue, given that liver, kidney, heart, and spleen
weights were similar in the four groups of mice (except for a slightly
larger kidney size in lipin-1-deficient mice at 12 months of age)
(Figure S5). Plasma chemistry measurements, including markers of
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kidney, liver, muscle, and pancreas function, revealed no abnormalities
associated with lipin-1 or lipin-3 deficiency (Figure S6).

3.7. Natural genetic variation in Lpin3 expression is associated with
adiposity

To determine whether naturally occurring genetic variations affecting
Lpin3 expression levels are associated with variations in adiposity
in vivo, we took advantage of the Hybrid Mouse Diversity Panel [26,27].
This panel is a collection of 114 inbred and recombinant inbred mouse
strains that have been characterized for metabolic traits and gene
expression in adipose tissue. Lpin1 expression levels in adipose tissue
correlated with all adiposity traits measured: total body fat composition
and weights of femoral, gonadal, retroperitoneal, and mesenteric fat
depots (Table 1). This was true when expressed as absolute fat pad
mass or as percent of body mass. Lpin3 expression levels also corre-
lated with these adiposity traits. Notably, the correlation coefficients for
adiposity traits and Lpin1/Lpin3 were of a similar magnitude as the
correlation coefficient between adiposity traits and the expression of
Pparg, a master regulator of adipogenesis (Table 1). Lpin2 expression
levels were not correlated with any of the adiposity traits. Finally, both
Lpin1 and Lpin3, but not Pparg, expression levels correlated with the
fasting glucose-to-insulin ratio (Table 1).
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3.8. Contribution of three lipin family members to PAP activity across
metabolic tissues

The Lpin1/3K0 mouse cohort provided a unique model in which to
assess the contributions of lipin-1, lipin-2, and lipin-3 to PAP activity in
metabolic tissues. As illustrated in Figure 4 for adipose tissue, the
independent and cooperative effects of lipin-1 and lipin-3 are each
evident by comparing the single and double knockout models. In
addition, the contribution of lipin-2 can be inferred from PAP activity that
remains in mice lacking both lipin-1 and lipin-3. The analysis of seven
additional tissues from the Lpin1/3K0 mouse cohort revealed three
patterns of PAP activity (summarized in Figure 5A). Like adipose tissue,
the spleen, kidney, and liver were dependent on both lipin-1 and lipin-3
for maximal PAP activity and TAG accumulation (Figure 5A and B). The
milder effects of lipin-3 deficiency in spleen, kidney, and liver, compared
with adipose tissue, may be due to prominent lipin-2 expression in those
tissues [22].

A second PAP activity pattern, which was distinct from adipose tissue,
occurred in heart and skeletal muscle (Figure 5A and C). In those
tissues, lipin-3 was not critical for optimal PAP activity or TAG stores.
Lipin-1 was essential for PAP activity in skeletal muscle and heart but
did not correlate with TAG content (Figure 5C), in agreement with earlier
studies [9,16]. A third PAP activity pattern was apparent in the brain and
lung, where a deficiency in lipin-1, but not lipin-3, modestly affected
PAP activity (Figure 5A and D). In those tissues, lipin-1 and lipin-2
appear to be the major determinants of PAP activity.

4. DISCUSSION

Lipins are the primary source of PAP activity in mammalian glycerolipid
biosynthesis, but the extent to which each of the three family members
contributes to PAP activity, TAG storage, and lipid homeostasis in
different tissues has been unclear. Most studies of lipin physiology have
focused on the roles of individual lipin paralogs through loss-of-function
or gain-of-function approaches in cultured cells or mouse tissues.
However, recent evidence suggests that cooperation between lipin
family members is required for optimal lipid homeostasis in various
tissues [22]. Here, we demonstrate that, in adipose tissue, lipin-3
cooperates with lipin-1 to achieve optimal PAP activity, TAG accumula-
tion, and adiposity—functions that were previously attributed to lipin-1
alone [4]. Our findings in adipose tissue contribute to the concept that
lipin enzymes function in an interdependent manner to achieve lipid
homeostasis in vivo.

At the outset of our study, we observed that lipin-3 is induced during
mouse and human adipogenesis. We also showed that lipin-1 and lipin-
3 protein levels and subcellular localization are influenced by one
another in cultured cells. Lipin localization is thought to be a determinant
of PAP and coactivator activities [6,10,29], and could potentially
influence lipin protein turnover as well. Factors known to influence
lipin protein localization—and presumably function—include phosphor-
ylation state, sumoylation, and interaction with 14-3-3 proteins [3,30—
32]. Direct interaction of lipin proteins could also influence localization
and/or protein levels. Along these lines, Liu et al. [33] detected lipin-1
homodimers, as well as heterodimers with lipin-2 and lipin-3, in co-
immunoprecipitation studies. The current findings suggest that lipin
regulation depends, in part, on tissue-specific functional interactions
between different lipin family members.

To evaluate the in vivo relevance of lipin-3 in adipose tissue, we created
lipin-3-deficient mice. Stromal vascular cells isolated from Lpin3KO fat
exhibited impaired adipogenesis, with reduced levels of adipogenic gene
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expression and reduced lipid accumulation, similar to findings with
preadipocytes from Lpin7KO mice [24,34]. The impairment observed during
adipocyte differentiation ex vivo was not apparent in adipose tissue from
Lpin3K0 mice, likely due to compensatory mechanisms that are active
in vivo. Similar observations have been reported for other adipogenic genes,
including those for adipocyte transcription factors C/EBPp and G/EBPS [35].
The Lpin3K0 mice did, however, exhibit modestly reduced body weight with
advanced age. We suspected that lipin-1 in Lpin3K0 adipose tissue partially
compensated for the loss of lipin-3.

To better define the functional relationship between lipin-1 and lipin-3 in
adipose tissue, we generated Lpin1/3KO mice and compared them to
wild-type, Lpin7KO, and Lpin3KO mice. Unexpectedly, adipose tissue
PAP activity was reduced by more than 85% in the absence of either
lipin-1 or lipin-3. This finding implied that lipin-1 and lipin-3 work
cooperatively to achieve optimal PAP function, rather than each
contributing to total PAP activity in an additive fashion. When both
lipin-1 and lipin-3 were inactivated, adipose tissue PAP activity and TAG
accumulation were abolished. Thus, lipin-1 and lipin-3—nbut not lipin-2
—play a role in determining PAP activity in mouse adipose tissue.
Lpin1/3K0 mice had more severely reduced fat pad mass, PAP activity,
and TAG content than Lpin7KO mice, implying that the presence of lipin-
3 compensates for the absence of lipin-1 in adipose tissue. These
findings are intriguing and potentially relevant to lipin-1-deficient
humans, where overt lipodystrophy is absent [19-21]. It seems likely
that lipin-3 compensates for the loss of lipin-1 in human adipose tissue
and thereby prevents clinically obvious lipodystrophy. We observed slight
differences in the kinetics of lipin gene expression in cultured mouse
and humans adipocytes: human LPIN3 was induced very early during
adipocyte differentiation—very much like LPIN7—whereas mouse Lpin3
reached peak expression levels several days later than Lpini. It is
possible that lipin-2 also plays a role in adipocytes of mice and/or
humans. Lipin-2 mRNA is expressed in human adipose tissue [4], as
well as in mouse 3T3-L1 cells ([36] and this study). In their recent study
in the mouse 3T3-L1 adipocyte cell line, Sembongi et al. demonstrated
that lipin-2 protein is most prominent in stromal vascular cells of mouse
adipose tissue, whereas lipin-1 is present in mature adipocytes [36].
Lipin-2 knockdown studies in 3T3-L1 cells led to increased lipid droplet
volume, although total cellular TAG content did not change [36]. A role
for lipin-2 in lipid droplet biogenesis or remodeling—rather than
determining net TAG content—is consistent with our finding that lipin-
2 does not influence adipose tissue TAG content or PAP activity in vivo.
In contrast to our findings, Sembongi et al. [36] did not detect lipin-3 in
mouse adipose tissue, and this could be related to numerous
experimental differences (e.g., amounts of protein, antibodies, and fat
pad analyzed).

In addition to studies with knockout mice, we demonstrated that
naturally occurring genetic variations in lipin-1 and lipin-3 expression
levels are correlated with fat pad mass in several fat depots. These
correlations were strongest for lipin-1, but lipin-3 correlations were of a
similar magnitude to those observed for PPARy, a key driver of
adipogenesis. Interestingly, Lpini, Lpin3, or Pparg expression levels
were inversely correlated with adiposity, suggesting that feedback
mechanisms may attenuate expression of these genes in mature mice
when a sufficient level of adiposity is achieved. Studies in humans have
also reported inverse relationships between lipin-1 levels and adiposity-
related measurements including BMI, percent body fat, and the
metabolic syndrome (reviewed in [29]).

The expression levels of Lpin1 and Lpin3 were correlated with glucose-
to-insulin ratio. Because Pparg was not correlated with this trait, the
influence of lipins on glucose and/or insulin pathways may be
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independent of effects on adipose tissue development. Of note, a recent
genome-wide association meta-analysis in humans uncovered a locus
associated with fasting glucose levels for which LPIN3 is a likely
candidate [37].

In addition to the cooperation between lipin-1 and lipin-3 in adipose tissue,
our survey of PAP activity across eight tissues revealed tissue-specific
relationships between lipin family members. As summarized in Figure 5A,
we detected three general patterns of lipin tissue activity in the mouse. In the
first pattern, exemplified by adipose tissue, lipin-1 and lipin-3 act
synergistically to achieve optimal PAP activity, while lipin-2 plays a negligible
role. Variations on this pattern were observed in spleen, kidney, and liver,
where some PAP activity is provided by lipin-2. In the second pattern,
typified by heart and skeletal muscle, lipin-1 appears to be the major
determinant of PAP activity, consistent with earlier reports [3,4,16]. In the
third pattern, typified by lung and brain, lipin-1 and lipin-2 contribute to PAP
activity in an additive fashion.

In summary, these studies add to a growing body of evidence that lipin
protein function, and glycerolipid synthesis, are influenced by intricate
functional interactions between lipin family members. Our results
implicate lipin-3 as well as lipin-1 as a determinant of adiposity
in vivo. This may have particular relevance in lipin-1-deficient humans,
which lack overt lipodystrophy, perhaps due to lipin-3 activity in this
tissue.
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