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SUMMARY 

 
The mTOR Complex 1 (mTORC1) regulates many processes that control growth 

including protein synthesis, autophagy, and lipogenesis. Through unknown 

mechanisms, mTORC1 promotes the function of SREBP, a master regulator of 

lipo- and sterolgenic gene transcription. Here, we demonstrate that mTORC1 

regulates SREBP by controlling the nuclear entry of lipin 1, a phosphatidic acid 

phosphatase. Potent mTORC1 inhibition by Torin1, but not rapamycin, or growth 

factor and nutrient withdrawal, promotes a previously unrecognized mTORC1-

regulated phenotype, nuclear eccentricity. When phosphorylated by mTORC1, 

lipin 1 resides in the cytoplasm and mTORC1 inhibition causes its translocation 

to the nucleus where, through its catalytic activity, it promotes nuclear 

eccentricity. Phenocopying the effects of mTORC1 inhibition, constitutively 

dephosphorylated, nuclear localized lipin 1 downregulates SREBP target gene, 

SREBP promoter, and nuclear SREBP protein expression. Inhibition of mTORC1 

in the liver significantly impairs SREBP function and makes mice resistant, in a 

lipin 1-dependent fashion, to the hepatic steatosis and hypercholesterolemia 

induced by a high fat and cholesterol diet. Our results establish lipin 1 as a key 

mediator of the effects of mTORC1 on SREBP-dependent fatty acid and 

cholesterol biosynthesis.  

 

 

 

 
 
 
 
 
 
 



INTRODUCTION 
 

The mechanistic target of rapamycin (mTOR) is an evolutionarily conserved 

serine/threonine kinase that has an essential role in cell growth (Laplante and 

Sabatini, 2009; Wullschleger et al., 2006). Genetic and biochemical studies into 

the mechanism of action of rapamycin, which has emerged as a valuable 

immunosuppressive and anti-cancer drug (Abraham and Eng, 2008; Weir et al.), 

led to the discovery of TOR as its intracellular target (Brown et al., 1994; Chiu et 

al., 1994; Heitman et al., 1991; Sabatini et al., 1994; Sabers et al., 1995).  

Rapamycin was initially noted for its antifungal activity as it potently 

inhibited diverse amino acid, nucleic acid, and lipid-utilizing metabolic processes 

(Singh et al., 1979). Since the identification of TOR, it has become increasingly 

appreciated that its kinase activity is critical to several growth processes, 

including protein synthesis. The effects of mTORC1 in translation are thought to 

be controlled through rapamycin-sensitive phosphorylation of its substrates, S6 

kinase 1 (S6K1) and eIF4E-binding protein 1 (4E-BP1) (Brown et al., 1995; 

Brunn et al., 1997; Burnett et al., 1998; Hara et al., 2002; Kim et al., 2002). 

Recently, the role of mTORC1 in regulating translation was recast by the finding 

that rapamycin, which allosterically partially inhibits mTOR kinase activity (Brown 

et al., 1995), does not inhibit 4E-BP1 phosphorylation equally well in all cell 

contexts despite invariantly promoting S6K1 dephosphorylation (Choo et al., 

2008; Feldman et al., 2009; Thoreen et al., 2009). On the other hand, catalytic 

site ATP-competitive mTOR inhibitors, such as Torin1, suppress both S6K1 and 

4E-BP1 phosphorylation regardless of cell context (Liu et al., 2010; Thoreen et 

al., 2009). In addition to translation, catalytic site mTOR inhibitors, also potently 

regulate other known outputs of mTORC1 signaling, such as autophagy and 

proliferation, to a greater degree than rapamycin does (Dowling et al., 2010; 

Feldman et al., 2009; Thoreen et al., 2009). These results suggest that in viewing 

rapamycin as a complete mTORC1 inhibitor, other mTORC1-dependent 

phenotypes might have eluded detection.  



 The mTOR pathway regulates several anabolic and catabolic pathways at 

the mRNA expression level (Duvel et al., 2010; Peng et al., 2002; Porstmann et 

al., 2008). Critical to the regulation of fatty acid and cholesterol biosynthetic gene 

expression are the SREBP family of transcription factors (Horton et al., 2002). 

The SREBP family is comprised of three isoforms: SREBP-1a, SREBP-1c, and 

SREBP-2 (hereafter collectively referred to as SREBP unless stated otherwise; 

SREBP-1a and SREBP-1c are encoded by the same gene, SREBP-1, and differ 

in their first exon; SREBP-2 is a distinct gene) (Horton et al., 2002). Studies by 

Brown, Goldstein, and colleagues have elucidated key parts of the mechanism 

by which cholesterol sensing is coupled to the activity of SREBP (Brown and 

Goldstein, 2009). Previous work shows that mTORC1 positively regulates the 

activity of SREBP-1 (Duvel et al., 2010; Li et al., 2010; Porstmann et al., 2008). 

However, the finding that rapamycin does not affect SREBP target gene 

expression in all cellular contexts (Moule et al., 1995; Sharpe and Brown, 2008; 

Wang and Sul, 1998), suggests that the mechanisms through which mTORC1 

regulates SREBP are complex and not yet fully understood.  

Here, we identify lipin 1 as a critical effector of mTORC1 in the regulation 

of the SREBP pathway. We find that, in a largely rapamycin-resistant manner, 

mTORC1 phosphorylates lipin 1 to control its cytoplasmic-nuclear localization. 

mTORC1 inhibition or nutrient deprivation inhibits SREBP target gene expression 

in a lipin 1-dependent manner. Constitutively dephosphorylated, nuclear localized 

lipin 1 recapitulates the effects of mTORC1 suppression on SREBP promoter 

activity and protein expression, thereby providing a mechanism for 

downregulation of SREBP-dependent transcription. Reflecting its key role in 

regulating mTORC1-SREBP function, lipin 1 is required for the protection of liver 

specific, mTORC1-deficient mice to western diet-induced hepatic steatosis and 

hypercholesterolemia. 

 

RESULTS 
 

mTORC1, nutrients, and growth factors regulate nuclear eccentricity   



With the impetus that Torin1 causes greater mTORC1 inactivation than 

rapamycin, we looked for mTORC1-dependent phenotypes that might be largely 

resistant to rapamycin, but sensitive to Torin1. By visually inspecting NIH3T3 

cells treated with Torin1, which as expected potently inhibits the phosphorylation 

at the mTORC1-catalyzed sites on 4E-BP1 and S6K1, T37/T46 and T389, 

respectively (Figure 1A), we observed that their nuclei, including the nuclear 

matrix component, lamin A (Heessen and Fornerod, 2007), as well as DNA, 

dramatically changed in their circumferential shape (Figure 1B). Rapamycin, 

while abolishing T389 S6K1 phosphorylation (Figure 1A), lacked an effect on 

nuclear shape and this correlated with its inability to inhibit T37/T46 4E-BP1 

phosphorylation (Figures 1A and 1B). In geometric terms, it appeared that Torin1 

increased nuclear eccentricity, a property which when referring to circular 

objects, is defined by the lengths of the major and minor axes, the apopasis (a) 

and periapsis (p), respectively (Figure 1C). Quantification of nuclei treated with 

either of the mTOR inhibitors confirmed what was visibly apparent (Figure 1B); 

that is, that Torin1 causes a substantial increase in nuclear eccentricity 

compared with rapamycin or vehicle treatment (Figure 1D). The effects of Torin1 

are likely mTORC1-dependent as knockdown of the essential mTORC1 

component, raptor, which positively regulates mTORC1 signaling (Hara et al., 

2002; Kim et al., 2002), increased nuclear eccentricity, whereas depletion of the 

mTORC1 pathway negative regulator, TSC2, (Goncharova et al., 2002; Tee et 

al., 2002), decreased nuclear eccentricity (Figure 1E and 1F). The effect of 

Torin1 on nuclear eccentricity was also mimicked by the dual PI3K/mTOR 

inhibitor LY294002 (Brunn et al., 1996), but not by other agents which promote a 

G1 arrest such as a double thymidine block or inhibition of MAPK signaling 

(Figure S1A and S1B), suggesting that nuclear eccentricity is regulated in an 

mTORC1-dependent manner independently of cell cycle progression.  

mTORC1 is known to be regulated by nutrients such as amino acids and 

glucose as well as growth factors such as those present in serum; therefore we 

determined whether these agents would physiologically mimic the effects on 

nuclear eccentricity caused by chemical and genetic perturbation of mTORC1. 



Indeed, correlating with the effect the inhibition of 4E-BP1 phosphorylation 

(Figure 1G), combined serum and glucose deprivation increased nuclear 

eccentricity in a time-dependent manner similar to Torin1 (Figure 1H). Whereas 

serum starvation alone, which partially inhibited 4E-BP1 phosphorylation (Figure 

1G), increased nuclear eccentricity to a lesser extent than that caused by 

combined serum and nutrient depletion (Figure 1H). These results suggest that 

nuclear eccentricity is a cellular property that is dynamically regulated by 

mTORC1 activity and environmental conditions.  

 
mTORC1, growth factors, and nutrients regulate lipin 1 localization 

In investigating whether others have previously observed regulation of nuclear 

eccentricity, we noted that the overexpression of the Ned1 gene product in 

Schizosaccharomyces pombe promotes this phenotype (Tange et al., 2002). This 

finding was interesting to us because, previously, the mammalian Ned1 homolog, 

lipin 1, was shown to be phosphorylated in a nutrient and growth factor-

stimulated, rapamycin-sensitive manner (Huffman et al., 2002). However, at the 

time it was not known whether lipin 1 regulated nuclear eccentricity, or what the 

function of the mTOR-dependent lipin 1 phosphorylation might be.  

Because rapamycin lacks an effect on lipin 1 phosphatidic acid 

phosphatase (PAP1) activity (Harris et al., 2007), we considered that mTOR 

might control some other aspect of lipin 1 function such as its localization. 

Strikingly, treatment of NIH3T3 cells with Torin1 caused a complete redistribution 

of recombinant lipin 1 from the cytoplasm to the nucleus (Figure 2A). Rapamycin, 

on the other hand, largely lacked an effect on recombinant lipin 1 localization 

(Figure 2A), and this correlated with a lack of effect on 4E-BP1 phosphorylation 

(Figure 1A). That rapamycin lacked an effect on lipin 1 localization is in 

disagreement with that recently observed in 3T3-L1 adipocytes (Peterfy et al., 

2010). However, as the completeness of inhibition of rapamycin on mTORC1 

signaling varies considerably between cell types (Choo et al., 2008), we 

reasoned that this discrepancy on lipin 1 localization might be explained by the 

differing rapamycin sensitivities of mTORC1 in the cell types assessed. In 



support of this, in HEK-293T cells, unlike in NIH3T3 cells (Figure 1A and 2A), 

lipin 1 nuclear translocation was partially sensitive to rapamycin and this 

correlated with partial inhibition of S65 4E-BP1 phosphorylation (Figure S2A and 

S2B). As 3T3-L1 adipocytes contain levels of endogenous lipin 1 protein that are 

relatively high compared to those in fibroblasts (Koh et al., 2008), we also tested 

whether endogenous lipin 1 was regulated by treatments which regulated 

recombinant lipin 1 (Figure 2A and 2D). Indeed, Torin1 or combined serum and 

amino acid or glucose deprivation, but not rapamycin, caused strong nuclear 

relocalization of endogenous lipin 1 (Figure S2C). 

In addition to inhibiting mTORC1 signaling, Torin1 inhibits the rictor- and 

mTOR-containing mTORC2 complex (Jacinto et al., 2004; Sarbassov et al., 

2004; Thoreen et al., 2009). Consequently, Torin1 also downregulates PI3K-Akt 

signaling (Peterson et al., 2009). Therefore, it was possible that the effects of 

Torin1 on lipin 1 nuclear translocation might require inhibition of mTORC2/PI3K 

concomitantly with or independently of inhibiting mTORC1. To address this, we 

monitored the time dependence of Torin1 treatment on lipin 1 localization. After 

acute treatment (1 hour), correlating with the downregulation of mTORC1 as well 

as mTORC2/PI3K signaling, as judged by T308 Akt phosphorylation at this early 

time point, lipin 1 partially accumulated in the nucleus (Figure 2B and 2C). 

However, at later times (>3 hours), despite mTORC2/PI3K activity being 

restored, lipin 1 was fully retained in the nucleus and this correlated with the 

maintained impairment of mTORC1 signaling (Figure 2B and 2C). To more 

definitively rule out a role for mTORC2 in regulating lipin 1 localization, we 

assessed the effects of Torin1 on lipin 1 localization in cells lacking rictor (Guertin 

et al., 2006). Torin1 caused lipin 1 nuclear translocation to the same extent in 

rictor deficient cells as those containing intact mTORC2 (Figure S2D) suggesting 

that its relocalization from the cytoplasm to the nucleus responds to mTORC1 

and not mTORC2 status. 

We next tested known physiological inputs into mTORC1 signaling for 

their effects on lipin 1 localization. Unlike serum deprivation alone, serum 

deprivation combined with glucose or amino acid deprivation promoted the full 



nuclear accumulation of lipin 1 (Figure 2D) and a greater degree of 4E-BP1 

dephosphorylation compared to serum deprivation alone (Figure 1G). Similar to 

these results, in HEK-293T cells, amino acid deprivation in the absence of serum 

caused the complete nuclear accumulation of lipin 1 (Figure S2E). LY294002 or 

the AMPK-activating compound, AICAR (Towler and Hardie, 2007), which similar 

to Torin1 or LY294002, strongly impair mTORC1 signaling (Bolster et al., 2002; 

Krause et al., 2002) also promoted complete lipin 1 nuclear translocation (Figure 

S2F). Lastly, because the phosphorylation states of lipin 1, lipin 2, and 

Pah1/Smp2 are regulated by cell cycle activity (Grimsey et al., 2008; O'Hara et 

al., 2006), we tested whether various cell cycle perturbations would affect lipin 1 

localization. However, neither G1 arrest by a double thymidine block, CDK 

inhibition, nor MAPK inhibition affected lipin 1 localization (Figure S2F). Taken 

together, these results suggest that lipin 1 cytoplasmic retention is positively 

promoted by mTORC1. 

 

mTORC1 directly phosphorylates lipin 1 to regulate lipin 1 localization and 
nuclear eccentricity  

We sought to gain insight into the mechanisms through which mTORC1 

regulates lipin 1 translocation. Because mTORC1 is a protein kinase, we focused 

on the lipin 1 phosphorylation state and the 19 phosphorylation sites previously 

identified on it (Harris et al., 2007). Seven of the sites fall within “proline-directed” 

motifs (S/T-P) (Figure 3A) like those in 4E-BP1, which are directly 

phosphorylated by mTOR (Brunn et al., 1997; Burnett et al., 1998; Gingras et al., 

1999). To test a role for mTOR in regulating lipin 1 phosphorylation, we raised 

antibodies to two of the proline-directed sites, S106 and S472, and confirmed 

their phospho-specificities using a form of lipin 1 in which we mutated the serine 

and threonine residues to alanines at 17 of the 19 sites, including S106 and 

S472, (hereafter referred to as ‘17xS/T->A lipin 1’) (Figure S3A). Previous work 

shows that rapamycin regulates the phosphorylation of the proline-directed lipin 1 

site, S106, (Harris et al., 2007), so we assessed whether this phosphorylation 

was also sensitive to Torin1. Indeed, S106 lipin 1 phosphorylation was inhibited 



by rapamycin and more strongly inhibited by Torin1, similar to the pattern of S65 

4E-BP1 phosphorylation (Figure 3B). S472 lipin 1 phosphorylation was also 

clearly inhibited by Torin1 suggesting that it is a novel site that is regulated in an 

mTOR-dependent manner (Figure 3B). Interestingly, S472 lipin 1 

phosphorylation, like T37/T46 4E-BP1 phosphorylation, was largely insensitive to 

rapamycin (Figure 3B). Similar to the pattern of regulation of recombinant lipin 1 

phosphorylation, endogenous lipin 1 S472 phosphorylation was also Torin1 

sensitive, yet rapamycin resistant, while S106 was sensitive to both mTOR 

inhibitors (Figure S3B). We next assessed the effects of serum and nutrient 

deprivation on lipin 1 phosphorylation. Comparable to 4E-BP1 phosphorylation, 

combined serum and nutrient deprivation strongly downregulated lipin 1 S106 

and S472 phosphorylation, while serum deprivation alone only partially inhibited 

lipin 1 phosphorylation at these same sites (Figure 3C). Therefore, similar to the 

effect of mTORC1 on the 4E-BP1 phosphorylation state, nuclear eccentricity, and 

lipin 1 localization, mTORC1 activity regulates lipin 1 multi-site phosphorylation in 

a graded manner.  

In testing whether the regulation of lipin 1 phosphorylation by mTORC1 is 

direct, we were unable to phosphorylate lipin 1 in vitro with mTOR isolated from 

cells in buffer conditions which disturb its interaction with raptor (data not shown). 

This was notable because mTOR is known to have differential requirements for 

raptor in in vitro kinase assays towards its two substrates, S6K1 and 4E-BP1. 

While T389 S6K1 can be efficiently phosphorylated by mTOR in the absence of 

raptor, T37/T46 4E-BP1 phosphorylation requires raptor (Hara et al., 2002; Yip et 

al., 2010). Because lipin 1 phosphorylation was similar to 4E-BP1 

phosphorylation in terms of its rapamycin and Torin1 sensitivities (Figure 3B), we 

sought to determine if lipin 1 can be directly phosphorylated at S106 and S472 in 

an mTORC1-dependent manner and whether mTOR might also require raptor to 

phosphorylate lipin 1. To test this, we isolated mTOR via the mTORC1 

component, mLST8/GβL (Kim et al., 2003), from control or raptor knockdown 

cells and performed in vitro kinase assays on purified lipin 1. An mTORC1-

containing mLST8/GβL purification, but not one where raptor was depleted in 



cells by RNAi and/or inhibited with Torin1, readily phosphorylated S106 and 

S472 lipin 1(Figure 3D). Importantly, these results were similar to that seen with 

mTORC1 on T37/T46 4E-BP1 phosphorylation (Figure S3C). Lastly, as multiple 

TORC1 substrates remain bound to TORC1 when purified from cells (Hosokawa 

et al., 2009; Lempiainen et al., 2009; Schalm et al., 2003), we assessed lipin 1 

for this behavior. Indeed, raptor and co-expressed raptor and mTOR copurified 

with lipin 1 but not with the metap2 or rap2a control proteins (Figure S3D). That 

lipin 1 did not interact with mTOR alone and that mTOR did not increase the 

abundance of raptor copurifying with lipin 1 suggest that lipin 1 interacts with 

mTORC1 via raptor. Taken together, the above data suggest that mTORC1 is a 

bona fide lipin 1 kinase.  

Because mTORC1 kinase activity regulates lipin 1 localization, we 

reasoned that a mechanism through which lipin 1 localization might be regulated 

is by its phosphorylation at mTORC1-catalyzed sites. Consistent with the lack of 

effect of rapamycin on lipin 1 localization, mutation of only the rapamycin-

sensitive-catalyzed site, S106, to alanine did not affect the lipin 1 cytoplasmic-

nuclear distribution (Figure 3E). On the contrary, even in media conditions that 

support robust mTORC1 signaling, mutation of 6 of the 19 lipin 1 sites (2 of the 7 

proline-directed sites) caused a partial redistribution of lipin 1 (Figure 3E). Lastly, 

mutation of all 17 lipin 1 sites to alanine, including S106 and S472, was sufficient 

to promote the full nuclear accumulation of lipin 1 (Figure 3E). Therefore, 

inactivation of mTORC1 leads to nuclear sequestration of lipin 1 by a mechanism 

which requires its dephosphorylation at numerous mTORC1-regulated sites.  

As the 17xS/T->A mutant lipin 1 recapitulated the effects of mTORC1 

inactivation on lipin 1 localization, we sought to determine whether lipin 1 might 

regulate the effects of mTORC1 on nuclear eccentricity. Indeed, the time-

dependent, increases in nuclear eccentricity caused by Torin1 in cells containing 

lipin 1 were absent in lipin 1 deficient (fld, fatty liver dystrophy) cells (Peterfy et 

al., 2001) (Fig. S3E). To test whether the nuclear localization of lipin 1 was 

sufficient to regulate nuclear eccentricity, we stably expressed either the 

catalytically active or inactive forms of the wild-type (cytoplasmic) or the 17xS/T-



>A mutant (nuclear) lipin 1 in fld cells. While mutation of the 17 phosphorylation 

sites on lipin 1 did not affect PAP1 activity (Figure S3F), nor did lipin 1 catalytic 

activity affect its localization (Figure S3G), the expression of the catalytically 

active, nuclear localized 17xS/T->A mutant lipin 1, but not its catalytic dead or the 

wild-type form was sufficient to increase nuclear eccentricity (Figure 3F, 3G, and 

3H). These results suggest that the effects of mTORC1 on nuclear eccentricity 

are driven, at least in part, by the catalytic activity of nuclear localized lipin 1. 

 
Repression of SREBP-dependent transcription by constitutively 
dephosphorylated and nuclear localized lipin 1  
Because lipin 1 regulates lipid homeostasis (Finck et al., 2006; Han et al., 2006; 

Rehnmark et al., 1998), we were interested in whether nuclear localized lipin 1 

might contribute to the regulation by mTORC1 of lipid biosynthetic gene 

expression. The SREBP pathway was an attractive transcriptional pathway to 

investigate because the cell-type specific effects of rapamycin on lipin 1 

localization (Figure 2B and Figure S2B) were reminiscent of those on SREBP 

target gene expression (Duvel et al., 2010; Moule et al., 1995; Porstmann et al., 

2008; Sharpe and Brown, 2008; Wang and Sul, 1998).  
To explore a role for mTORC1 and lipin 1 in regulating the SREBP 

pathway, we first determined to what extent rapamycin and Torin1 regulated the 

mRNA expression of numerous genes which are known to be induced by 

SREBP-1 and/or SREBP-2, such as fatty acid synthase (FASN), acetyl-CoA 

carboxylase alpha (ACACA), stearoyl CoA-desaturase (SCD1), HMG-CoA 

reductase (HMGCR), and farnesyl diphosphate synthase (FDPS) (Horton et al., 

2003). In a time-dependent manner, Torin1 strongly downregulated the gene 

expression of all SREBP targets we examined, yet rapamycin was largely 

ineffective at decreasing the expression levels of these same targets at the latest 

time point (Figure 4A). Because rapamycin downregulates SREBP-1c mRNA 

expression in the liver (Li et al., 2010), it was possible that in our primary cell 

system, NIH3T3 cells, mTORC1 inhibition impairs SREBP target gene 

expression indirectly by regulating SREBP mRNA levels. However, using 



conditions that enabled us to detect both SREBP-1 isoforms, neither Torin1 nor 

rapamycin decreased SREBP-1 mRNA (Figure S4A). Moreover, Torin1 and 

rapamycin downregulated SREBP-2 mRNA levels to a comparable extent (Figure 

S4A). Therefore, these data suggest that changes in the level of the SREBP 

mRNA are not responsible for the differential effects of Torin1 and rapamycin on 

SREBP target gene expression.  

Similar to the effects of Torin1, serum and glucose or amino acid 

deprivation strongly downregulated SREBP target gene expression compared 

with cells grown in complete media or deprived only of serum (Figure 4B). 

Correlating with the differential strengths of these mTORC1-regulating inputs on 

lipin 1 localization, these results suggest that the redistribution of cytoplasmic 

lipin 1 to the nucleus might be important in the regulation of SREBP target gene 

expression by mTORC1. To test this, we monitored SREBP target mRNA levels 

in the presence or absence of Torin1 in wild-type and fld cells. At time points 

after which Torin1 caused lipin 1 to fully enter the nucleus (Figure 2C), fld cells 

were completely refractory to the effects of Torin1 on SREBP target expression 

(Figure 4C) without differentially regulating SREBP-1 mRNA levels (Figure S4B). 

Complementary to these findings, lipin 1 deficiency also prevented the reduction 

in SREBP target gene expression caused by amino acid deprivation (Figure 4D).  
The mTORC1 substrate, S6K1, regulates the SREBP pathway by 

controlling SREBP-1 cytoplasmic processing (Brown and Goldstein, 2009; Duvel 

et al., 2010). As mTORC1 regulated lipin 1 entry into the nucleus, it appeared 

that the role of lipin 1 in regulating SREBP could be distinct from S6K1 and might 

control the activity of SREBP after its maturation and entry into the nucleus. To 

assess this, we measured SREBP target gene expression in fld cells in which we 

stably expressed either the wild-type or the constitutively dephosphorylated, 

nuclear localized 17xS/T->A mutant lipin 1. While wild-type lipin 1 had little or no 

effect on SREBP target mRNA levels, the 17xS/T->A lipin 1 mutant repressed, in 

a manner dependent on its catalytic activity, all SREBP targets examined (Figure 

4E). Because it is possible that mTORC1 and lipin 1 might control SREBP target 

mRNA levels independently of SREBP itself, we sought to determine whether 



mTORC1 and lipin 1 would regulate a direct transcriptional output of SREBP. We 

measured the effects of mTORC1 and lipin 1 on FASN and SCD1 promoter 

activities driven by a truncated, nuclear localized, transcriptionally active form of 

SREBP-1 (Shimano et al., 1996). Fitting with the effects of Torin1 and rapamycin 

on endogenous FASN and SCD1 mRNA expression, Torin1 strongly impaired 

SREBP-1-induced, FASN and SCD1 promoter activities, yet rapamycin more 

modestly impaired the activities of these same reporters (Figure 4F). Similarly, 

the 17xS/T->A lipin 1, unlike wild-type lipin 1, potently downregulated both FASN 

and SCD1 promoter activities (Figure 4G). Along with the mTORC1-dependent 

regulation by lipin 1 on SREBP target gene expression, these results establish 

lipin 1 as both necessary and sufficient for mediating the effects of mTORC1 

inhibition on SREBP transcriptional activity. 

 

mTORC1-dependent regulation of nuclear SREBP protein abundance is 
mediated by lipin 1  
Because mTORC1 promotes the expression of the mature, nuclear form of the 

SREBP-1 protein (Duvel et al., 2010; Porstmann et al., 2008), we asked if lipin 1 

might regulate the effects of mTORC1 on nuclear SREBP protein levels. We first 

tested whether Torin1 regulated the levels of either the nuclear SREBP-1 or 

SREBP-2 proteins. Indeed, in nuclear extracts from Torin1-treated cells, SREBP 

protein levels were largely ablated after only 4 hours of treatment and were 

maintained at very low levels up to 12 hours (Figure 5A). On the contrary, 

rapamycin only weakly reduced SREBP protein levels at all time points tested 

(Figure 5A). Similar to the effects on SREBP target gene expression, nuclear 

SREBP protein levels were also strongly downregulated by combined serum and 

glucose or amino acid deprivation in comparison to cells given complete media or 

deprived only of serum (Figure 5B). Confirming the generality of these findings, in 

HEK-293T cells, as in NIH3T3 cells (Figure 5A and 5B), Torin1 or amino acid 

starvation strongly reduced nuclear SREBP protein expression (Figure S5A and 

S5B). Correlating with the differential effects of rapamycin and Torin1 or serum 

and nutrients on the regulation of SREBP target gene expression, these results 



suggest that mTORC1 might regulate SREBP-dependent transcription by 

regulating the levels of nuclear SREBP protein. To test a role for lipin 1 in 

mediating these effects, we assessed SREBP levels in wild-type and lipin 1 

deficient cells after Torin1 treatment. In lipin 1-containing cells, at time points 

preceding those at which Torin1 caused significant effects on SREBP target 

gene expression (Figure 4C), fld cells were highly resistant to the effects of 

Torin1 on nuclear SREBP protein levels (Figure 5C). To assess whether 

mTORC1-controlled localization of lipin 1 is critical to these effects, we measured 

nuclear SREBP protein levels in cells expressing the wild-type or the 17xS/T->A 

mutant lipin 1. Consistent with the effects of Torin1 and nutrient depletion, the 

17xS/T->A mutant, but not wild-type, lipin 1, or the control protein, metap2, 

repressed nuclear SREBP protein expression in multiple cell types (Figure 5D, 

Figure S5C and S5D). Taken together, these results establish the constitutively 

dephosphorylated, nuclear form of lipin 1 as both necessary and sufficient for 

mediating the effects of mTORC1 inhibition on the expression of nuclear SREBP 

proteins.  

A growing body of work suggests that A-type lamins colocalize with and 

control the stability of transcriptional regulators (Dreuillet et al., 2008; Han et al., 

2008; Johnson et al., 2004; Wilson and Foisner, 2010). However, less is known 

about how the localization and stability of these transcription factors is regulated. 

Because mTORC1-dependent changes in lipin 1 localization strongly altered the 

structure of the lamin A-containing nuclear matrix and because lamin A is known 

to bind SREBP (Lloyd et al., 2002), we considered whether the localization of 

SREBP might be important in the mTORC1- and lipin 1- dependent regulation of 

its nuclear depletion. In untreated cells, full-length SREBP-1 and SREBP-2 

appeared diffusely localized throughout the cell, in agreement with previous 

reports (Figure 5E and S5E) (Brown and Goldstein, 1997; Wang et al., 1994). 

Strikingly, in the presence of Torin1, SREBP-1 and SREBP-2 decreased in 

overall immunostaining intensity, consistent with our fractionation studies (Figure 

5A and S5A), but became concomitantly enriched at the nuclear periphery 

(Figure 5E and S5E) and colocalized extensively with lamin A (Figure 5E). 



Similar to inhibiting mTORC1 with Torin1, expression of the constitutively nuclear 

17xS/T->A lipin 1 (Figure S5F), in contrast to wild-type lipin 1, caused marked 

turnover of nuclear SREBP-1 that was associated with residual SREBP-1 

colocalizing with lamin A (Figure 5F and S5F). Interestingly, these mTORC1- and 

lipin 1-regulated changes in SREBP immunostaining are similar to those seen in 

cells expressing lipodystrophy-causing lamin A mutations or treated with 

lipodystrophy-inducing medications that alter lamin A distribution (Capanni et al., 

2005; Caron et al., 2003; Caron et al., 2001). Thus, mTORC1- and lipin 1-

dependent changes in SREBP nuclear abundance correlate with its redistribution 

into proximity to lamin A at the nuclear periphery.  

 

Lipin 1 is required for the effects of mTORC1 on the SREBP pathway and 
lipid homeostasis in mice  
Because the aforementioned studies were performed in cultured cells, we 

wanted a more physiologically meaningful context to test a role for mTORC1 and 

lipin 1 in the regulation of the SREBP pathway. For this purpose, we utilized a 

conditional null (LoxP) allele (Friedrich and Soriano, 1991) of the raptor gene to 

ablate raptor expression in mice in a temporally-defined, tissue-specific manner 

(Sengupta et al., 2010). We deleted raptor in the post-natal liver in floxed raptor 

mice by expressing Cre recombinase under the control of the Albumin promoter 

(Postic and Magnuson, 2000). The liver appeared to be a particularly relevant 

organ in which to manipulate mTORC1 and lipin 1 function because it plays a 

vital role in maintaining whole body fatty acid and cholesterol homeostasis 

(Horton et al., 2002). We first confirmed that raptor expression, mTORC1, and 

PI3K/Akt signaling were altered specifically in the liver (Figure 6A). Surprisingly, 

despite strongly perturbing mTORC1/PI3K signaling in their livers, liver-specific 

raptor knock-out (Li-RapKO) mice developed normally and at 4 months of age 

were of comparable body weight as wild-type, control (Ctrl) mice (Figure S6A). 

Therefore, we challenged the wild-type and Li-RapKO mice with a high fat and 

high cholesterol “western” diet. The effects of raptor loss were now clear: unlike 

with chow-feeding, where both groups gained weight at a similar rate over the 



course of our study, western diet-fed Li-RapKO mice gained substantially less 

weight than wild-type animals despite similar food intake (Figure S6A and S6B). 

Gross and microscopic examination of the livers of both groups also revealed 

striking western diet-specific effects. Namely, the fasted livers of western diet, but 

not chow-fed Li-RapKO mice were substantially reduced in size and were less 

yellowish in appearance and disorganized by intracellular droplets compared with 

the fasted livers of control mice (Figure 6B). We next measured SREBP-target 

gene expression in chow and western diet-fed wild-type and Li-RapKO mice. As 

expected, the expression of FASN and HMGCR were repressed by raptor loss, 

though the degree of inhibition was substantially greater on the western diet, 

particularly for FASN (Figure 6C). The elevations in liver triglycerides and plasma 

cholesterol in wild-type animals on the western compared with the chow diet 

were also largely blocked by raptor loss (Figure 6D), results which notably, 

phenocopy those seen in SREBP-1c knock-out mice (Kalaany et al., 2005).  

We suspected that lipin 1 would be important in the resistance of Li-RapKO 

animals to some of the phenotypic consequences caused by the western-diet 

because fld fibroblasts were resistant to the effects of Torin1 on SREBP-target 

gene expression (Fig. 4C). Indeed, using two distinct adenovirally-delivered 

shRNAs to lipin 1, we depleted lipin 1 from the livers of western diet-fed Li-RapKO 

mice (Figure 6E) and this largely restored SREBP-target gene expression to the 

levels seen in control mice (Figure 6F). Correspondingly, the levels of liver 

triglycerides and plasma cholesterol in western diet-fed Li-RapKO mice were also 

re-elevated, after the lipin 1 knock-down, to those in control mice (Figure 6G). 

Therefore, the SREBP pathway in the liver is positively regulated by mTORC1 in 

a manner that is opposed by lipin 1 and this regulation is critical for the 

development of hepatic steatosis and hypercholesterolemia caused by prolonged 

high fat and high cholesterol feeding.   

 

 

DISCUSSION 
 



Our findings provide insight into how mTORC1 regulates SREBP 

transcriptional activity and are consistent with a model in which loss of mTORC1-

mediated lipin 1 phosphorylation promotes its nuclear entry and promotes the 

downregulation of nuclear SREBP protein (Figure 7). Although additional studies 

will be needed to explore the mechanism by which lipin 1 regulates SREBP, our 

identification of lipin 1 as a negative regulator of the mTORC1-SREBP pathway 

provide a firm basis for future dissection of this novel mechanism of 

transcriptional control.  

The TOR pathway is a central regulator of autophagy, or self-catabolism, 

whereby the vacuole/lysosome sequesters and degrades various components of 

the cytoplasm (Kamada et al., 2004; Neufeld, 2010). More recently, it has 

become appreciated that TOR- and vacuolar-dependent autophagic processes 

also degrade nuclear contents (Krick et al., 2009; Kvam and Goldfarb, 2007). 

While many autophagy studies to date have focused on protein turnover, like its 

cytoplasmic counterpart (Singh et al., 2009), nuclear autophagy is increasingly 

thought to be important in lipid homeostasis. Interestingly, with mTORC1 

inactivation or expression of nuclear localized lipin 1, we often observed residual 

SREBP in proximity to lamin A as aggregates (Figure 6D, 6E, and S6G) whose 

morphology and localization resembled lysosomes (Yu et al., 2010). As mTORC1 

is known to regulate nuclear SREBP levels independently of the proteasome 

(Duvel et al., 2010), it will be interesting in the future to explore whether a 

lysosome-requiring autophagic process is involved in the mTORC1- and lipin 1-

regulated turnover of SREBP. 

It was interesting that mTORC1- and lipin 1-dependent changes in nuclear 

eccentricity correlated with their effects on SREBP transcriptional activity 

because one of the structural components of the nuclear matrix, lamin A, has 

several established connections with the SREBP pathway: (1) lamin A physically 

interacts with SREBP-1 and SREBP-2 and its overexpression downregulates the 

mRNA expression of the adipogenic SREBP target, PPARγ2 (Boguslavsky et al., 

2006; Lloyd et al., 2002); (2) lamin A mutations in humans commonly result in a 

lipodystrophy, a condition characterized by abnormal adipose tissue that is also 



seen in adipocyte-specific SREBP-1 overexpressing mice (Capell and Collins, 

2006; Shimomura et al., 1999). As we failed to detect a physical interaction 

between lipin 1 and SREBP-1 (data not shown), in the future it will be exciting to 

test whether lipin 1 might regulate nuclear SREBP protein via a more indirect 

mechanism, such as through its effects on the nuclear lamina. 

  Because mTORC1 promotes lipogenesis and inhibits glucose uptake 

(Duvel et al., 2010; Jiang et al., 2008; Porstmann et al., 2008), it is curious that 

rapamycin is known to cause numerous features of the metabolic syndrome: 

hyperlipidemia, hypercholesterolemia, and insulin resistance in humans and in 

mice (Blum, 2002; Cunningham et al., 2007). Considering the discrepancies we 

find between the effects of rapamycin and Torin1 in regulating lipin 1 and 

SREBP, it is clear that further examination of the differential strengths of various 

mTORC1 inhibitors on cellular and organismal lipid and glucose homeostasis is 

required. Through such work, it should be possible to determine if potent 

mTORC1 inhibiting drugs could be useful as potential treatments for metabolic 

syndrome. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



FIGURE LEGENDS 

 

Figure 1. mTORC1 regulates nuclear eccentricity in a rapamycin-resistant 
manner 
(A) NIH3T3 cells treated with the indicated inhibitors (100 nM rapamycin, 250 nM 

Torin1) or vehicle for 12 hours were analyzed by immunoblotting for the 

phosphorylation states and levels for the indicated proteins. 

(B) NIH3T3 cells treated with the indicated inhibitors (100 nM rapamycin, 250 nM 

Torin1) or vehicle for 12 hours were processed in an immunofluorescence assay 

to detect lamin A (green), costained with DAPI for DNA content (blue), and 

imaged. Illustrative nuclei for each condition are shown.  
(C) Explanation of eccentricity. The eccentricity of an elliptical object is a 

measure of how much the shape of the ellipse deviates from being circular. 

Defined mathematically, eccentricity=1-2/((a/p)+1), where a is the radius at 

apopasis, i.e., the farthest distance from the edge of the ellipse to its center, and 

p is the radius at periapsis, i.e., the closest distance to ellipse center. The 

eccentricity of an ellipse is necessarily between 0 and 1; a circle has an 

eccentricity of 0. As the eccentricity tends to 1, the ellipse becomes more 

elongated, and the ratio of a/p tends to infinity.  

(D) Images processed in (B) were analyzed for nuclear eccentricity based on 

lamin A immunofluorescence by image analysis software (Carpenter et al., 

2006). Nuclear eccentricity distributions of rapamycin and Torin1 treated cells 

were overlaid with those from corresponding vehicle treated cells. .Mean 

eccentricity values for three independent fields for each condition (>500 cells 

total) are: DMSO (black) 0.630; rapamycin (grey) 0.628; Torin1 (red) 0.704.  

(E) Immunoblot analysis of TSC2 and raptor protein levels in p53-/- MEFs with 

RNAi-mediated knockdown of a control protein, TSC2, or raptor. 

(F) p53-/- MEFs with knockdown of TSC2, raptor, or a control protein were 

analyzed as in (D). Mean eccentricity values for three independent fields for each 

condition (>500 cells total) are: shGFP (black) 0.660; shTSC2_1 (green) 0.622; 

shraptor_1 (red) 0.705.   

http://en.wikipedia.org/wiki/Eccentricity_(mathematics)�
http://en.wikipedia.org/wiki/Limit_(mathematics)�


(G) Immunoblot analysis of T37/T46 4E-BP1 phosphorylation in NIH3T3 cells 

deprived of serum, serum and glucose, or serum and amino acids for 12 hours. 

(H) NIH3T3 cells treated with 250nM Torin1 or deprived of serum, serum and 

glucose, or serum and amino acids for the indicated times were processed in an 

immunofluorescence assay and analyzed as in (D). Error bars indicate standard 

error for n=3. 
 

Figure 2. Lipin 1 cytoplasmic-nuclear distribution is regulated by mTORC1, 
growth factors, and nutrients 
(A) NIH3T3 cells overexpressing FLAG-lipin 1 were treated with the indicated 

inhibitors (100 nM rapamycin, 250 nM Torin1) or vehicle for 8 hours. Cells were 

then processed in an immunofluorescence assay to detect FLAG (green), 

costained with DAPI for DNA content (blue), and imaged. 

(B) FLAG-lipin 1 overexpressing NIH3T3 cells were treated with 250 nM Torin1 

for the specified times and analyzed by immunoblotting for the phosphorylation 

states and levels of the indicated proteins.  

(C) Cells treated as in (B) were processed in an immunofluorescence assay to 

detect FLAG, costained with DAPI for DNA content, and imaged. The overlap of 

FLAG immunoreactivity with DAPI staining was analyzed by image analysis 

software (Carpenter et al., 2006) for three independent fields for each condition 

(>500 cells total). Error bars indicate standard error for n=3.  

(D) NIH3T3 cells overexpressing FLAG-lipin 1 were grown in complete media or 

deprived of serum, serum and glucose, or serum and amino acids for 8 hours 

and imaged as in (A). 

 

Figure 3. mTORC1-catalyzed lipin 1 phosphorylation regulates lipin 1 
localization and nuclear eccentricity 
(A) Schematic of location of lipin 1 phosphorylation sites. NLIP, N-terminal lipin 1 

conserved region. CLIP, C-terminal lipin 1 conserved region. NLS, Nuclear 

Localization Signal (in red). Capitalized serine or threonine residues (in red) 



indicate the lipin 1 phosphorylation sites which are followed in the +1 position by 

a proline residue.  
(B) NIH3T3 cells transfected with FLAG-lipin 1 were treated with 100 nM 

rapamycin, 250 nM Torin1, or vehicle for 4 hours. FLAG immunoprecipitates 

were prepared from cell lysates and immunoprecipitates and cell lysates were 

analyzed by immunoblotting for the phosphorylation states and levels of the 

specified proteins.  

(C) NIH3T3 cells transfected with FLAG-lipin 1 were grown in complete media or 

deprived of serum, serum and glucose, or serum and amino acids for 4 hours. 

FLAG immunoprecipitates and cell lysates were prepared and analyzed as in (B).  

(D) HEK-293T cells overexpressing FLAG-mLST8/GβL were infected with 

lentivirus expressing a shRNA targeting raptor or GFP. FLAG 

immunoprecipitates were prepared from cell lysates and analyzed for mTOR 

kinase activity toward lipin 1 in the presence of 250 nM Torin1 or vehicle. 

(E) FLAG-Wild-type, 1xS/T->A, 6xS/T->A, and 17xS/T->A lipin 1 overexpressing 

NIH3T3 cells were processed in an immunofluorescence assay to detect FLAG 

and imaged.  

(F) Indicated FLAG-tagged lentiviral expression vectors were stably introduced 

into fld (lipin 1 deficient) cells and RNA was isolated 5 days post-infection. All 

mRNAs were measured by qRT-PCR and normalized to 36B4 mRNA levels. 

Error bars indicate standard error for n=4.  

(G) Each lipin 1-expressing cell line generated as in (F) were processed in an 

immunofluorescence assay to detect lamin A and imaged.  

(H) Images processed in (G) were analyzed for nuclear eccentricity based on 

lamin A immunofluorescence by image analysis software. Nuclear eccentricity 

distributions for each lipin 1-expressing cell line are shown overlaid upon each 

other. .Mean eccentricity values for three independent fields for each condition 

(>500 cells total) are: catalytic dead, wild-type lipin 1 (grey) 0.666; catalytic dead, 

17xS/T->A lipin 1 (grey hatched line) 0.671; catalytically active, wild-type lipin 1 

(black) 6.76; catalytically active, 17xS/T->A lipin 1 (red) 0.713.  

  



Figure 4. mTORC1-regulated lipin 1 relocalization is necessary and 
sufficient to repress SREBP-dependent transcription  
(A) NIH3T3 cells were treated with 100 nM rapamycin, 250 nM Torin1, or vehicle 

for the indicated times. All mRNAs were measured by qRT-PCR and normalized 

to 36B4 mRNA levels. Error bars indicate standard error for n=4. * indicates 

p<0.04 in comparing Torin1 to vehicle treated cells. # indicates p<0.02 in 

comparing Torin1 to rapamycin treated cells.  

(B) NIH3T3 cells were grown in complete media, deprived of serum, serum and 

glucose, or serum and amino acids for 12 hours. All mRNAs were analyzed as in 

(A). Error bars indicate standard error for n=4. * indicates p<0.02 in comparing 

cells grown in complete media with those deprived of serum and glucose or 

amino acids. # indicates p<0.03 in comparing serum starved cells with those 

starved of serum and glucose or amino acids.  

(C) Wild-type or fld MEFs were treated with 250 nM Torin1 or vehicle for the 

indicated times. All mRNAs were measured by qRT-PCR and normalized to 

36B4 mRNA levels. To allow comparison between wild-type and fld MEFs, each 

treated sample was normalized to the level of the vehicle controls of the same 

cell type. * indicates p<0.02 in comparing equivalently treated fld to wild-type 

cells.  

(D) Wild-type or fld MEFs were deprived of serum or serum and amino acids for 

8 hours. All mRNAs were analyzed as in (C). * indicates p<0.01 in comparing 

equivalently treated fld to wild-type cells.  

(E) Indicated FLAG-tagged lentiviral expression vectors were stably introduced 

into fld cells and RNA was isolated 5 days post-infection. All mRNAs were 

analyzed as in (A). * indicates p<0.007 in comparing catalytically active, 17xS/T-

>A and wild-type lipin 1 expressing cells. 

(F) HepG2 cells were cotransfected with expression constructs containing a 

transcriptionally active, truncated form of SREBP-1 along with a construct 

containing a SREBP-1-responsive promoter of either the FASN or SCD1 genes 

tethered to luciferase cDNA and treated with 20 nM rapamycin, 250 nM Torin1, 

or vehicle for 4 hours. Luciferase measurements for each promoter activity 



reporter were normalized to those of SREBP-1 transfected, vehicle treated cells. 

* indicates p<0.001 comparing Torin1 with vehicle treated cells. # indicates 

p<0.01 comparing Torin1 with rapamycin treated cells. 

(G) HepG2 cells cotransfected as in (F) were additionally transfected with empty 

vector, wild-type lipin 1 or 17xS/T->A lipin 1. Luciferase measurements for each 

promoter activity reporter were normalized to those of SREBP-1 transfected cells 

lacking lipin 1 overexpression.  * indicates p<0.0001 comparing 17xS/T->A lipin 1 

with vector transfected cells. # indicates p<0.02 comparing 17xS/T->A lipin 1 with 

wild-type lipin 1 transfected cells. 

 

Figure 5. Constitutively dephosphorylated, nuclear lipin 1 decreases 
nuclear SREBP protein abundance 
(A) NIH3T3 cells were treated with 20 nM rapamycin, 250 nM Torin1, or vehicle 

for the indicated times, nuclei were isolated from which soluble proteins were 

extracted, and the levels of the indicated proteins were analyzed by 

immunoblotting. Processed SREBP-1 and SREBP-2 proteins were detected at 

68-70kDa. 

(B) NIH3T3 cells were grown in complete media or deprived of serum, serum and 

glucose, or serum and amino acids for 4 hours. Nuclear extracts were prepared 

and analyzed as in (A).  

(C) Wild-type or fld MEFs were treated with 250 nM Torin1 or vehicle for the 

indicated times. Nuclear extracts were prepared and analyzed as in (A).  

(D) Indicated FLAG-tagged lentiviral expression vectors were stably introduced 

into NIH3T3 cells. Nuclear extracts were prepared and analyzed as in (A).  

(E) NIH3T3 cells overexpressing FLAG-SREBP-1 were treated with 250 nM 

Torin1 or vehicle for 8 hours. Cells were then processed in an 

immunofluorescence assay to detect FLAG (red), lamin A (green), and costained 

with DAPI for DNA content (blue), and imaged. 

(F) Fld cells coexpressing HA-SREBP-1 and wild-type or 17xS/T->A mutant lipin 

1 were processed in an immunofluorescence assay to detect HA (red), lamin A 

(green), and costained with DAPI for DNA content (blue), and imaged. 



 

Figure 6. Response of liver-specific raptor knock-out (Li-RapKO) mice to a 
high fat and high cholesterol (western) diet is lipin 1-dependent 
(A) Control (floxed raptor; Albumin-CRE-, abbreviated Ctrl) and Li-RapKO (floxed 

raptor; Albumin-CRE+) were starved of chow overnight and re-fed for 45 minutes. 

Liver and muscle tissue were isolated from which cell lysates prepared and 

analyzed by immunoblotting for the phosphorylation states and levels of specified 

proteins.  

(B) Representative 1x or 20x images of control and Li-RapKO livers taken from 

chow and western diet-fed mice.  

(C) Liver tissue was isolated and RNA was extracted from the indicated mice fed 

their respective diets for 6-8 weeks. All mice were starved for 4 hours prior to 

liver harvesting. All mRNAs were measured by qRT-PCR and normalized to 

36B4 mRNA levels. Error bars indicate standard error for n=4-6. C, Chow, W, 

Western. * indicates p<0.02, # p<0.04 ^ p<0.05, respectively.   

(D) Liver tissue, from which lipids were extracted, and plasma for cholesterol 

measurements were obtained from mice fed the indicated diets for 6-8 weeks. All 

mice were starved for 4 hours prior to liver and plasma harvesting. Error bars 

indicate standard error for n=4 (liver triglycerides), n=6 (plasma cholesterol). * 

indicates p<0.004, # indicates p<0.05.  

(E) Western diet-fed control and Li-RapKO were infected with adenovirus 

expressing shRNAs targeting lacZ or lipin 1. Liver was harvested 5 days after 

infection and lysates prepared and immunoblotting was performed for the 

indicated proteins.  

(F) mRNA was isolated and analyzed as in (C). * indicates p<0.01, # indicates 

p<0.05 in comparing LacZ shRNA versus lipin 1 shRNA treated Li-RapKO mice. 

(G) Liver triglycerides and plasma cholesterol were measured as in (D). * 

indicates p<0.05, # indicates p<0.05. 

 

Figure 7. Model of mTORC1/lipin 1-dependent regulation of SREBP target 
gene expression 



 

Figure S1. Further characterization of the regulation of nuclear eccentricity 
upon mTORC1, MAPK, or cell cycle perturbation, Related to Figure 1 

(A) NIH3T3 cells treated with the indicated compounds (10 µM PD184352, 25 µM 

LY294002, 250 nM Torin1) or vehicle for 24 hours were analyzed by flow 

cytometry for DNA content. Double (2x) Thymidine block was performed as 

follows: 2 mM Thymidine for 12 hours-> 12 hours re-fresh media without 

Thymidine-> 12 hours 2 mM Thymidine. The values shown in the table in (A) are 

the mean values for n=2 or 3. 

(B) Cells treated as in (A) were processed in an immunofluorescence assay to 

detect lamin A and DNA content, imaged, and analyzed for mean nuclear 

eccentricity based on lamin A immunofluorescence by image analysis software. 

Nuclear eccentricity distributions for each cell treatment are shown. Mean 

eccentricity values for three independent fields for each condition (>500 cells 

total) are: DMSO (black) 0.636; PD184352 (grey hatched line) 0.636; 2x 

Thymidine (grey solid line) 0.625; LY294002 (orange) 0.726; Torin1 (red) 0.756.  

 
Figure S2. Further characterization of the regulation of lipin 1 localization 
upon mTORC1, nutrient, MAPK, CDK, or cell cycle perturbation, Related to 
Figure 2 

(A) FLAG-lipin 1 overexpressing HEK-293T cells were treated with 100 nM 

rapamycin, 250 nM Torin1 for 8 hours and analyzed by immunoblotting for the 

levels and phosphorylation state of 4E-BP1.  

(B) Cells treated as in (A) were processed in an immunofluorescence assay to 

detect FLAG and imaged.  

(C) 3T3-L1 cells were treated with vehicle, 250nM Torin1, 20nM rapamycin or 

were deprived of serum and glucose or amino acids for 12 hours were processed 

in an immunofluorescence assay to detect lipin 1 (green), costained with DAPI 

for DNA content (blue), and imaged. 

(D) FLAG-lipin 1 overexpressing p53 -/- or rictor-/-; p53-/- MEFs were treated with 

250 nM Torin1 or vehicle for 8 hours and imaged as in (B). 



(E) HEK-293T cells overexpressing FLAG-lipin 1 were starved of amino acids for 

2 hours and imaged as in (B). 

(F) FLAG-lipin 1 overexpressing NIH3T3 were treated with the indicated 

compounds (25 µm LY294002, 2mM AICAR, 14 µm roscovitine, 10 µM 

PD184352) or vehicle for 12 hours and imaged as in (B). 2x Thymidine block was 

performed as follows: 2 mM Thymidine for 12 hours-> 12 hours re-fresh media 

without Thymidine-> 12 hours 2 mM Thymidine. 

 

Figure S3. Further characterization of lipin 1 phosphorylation, catalytic 
activity, localization, and lipin 1-dependent regulation of nuclear 
eccentricity, Related to Figure 3 
(A) NIH3T3 were transfected with the indicated FLAG-lipin 1 expression vectors, 

cell lysates prepared, and FLAG-immunoprecipitates were analyzed by 

immunoblotting for lipin 1 phosphorylation and FLAG.  

(B) 3T3-L1 cells were treated with 20 nM rapamycin, 250 nM Torin1, or vehicle 

for 4 hours. Cell lysates were prepared and lipin 1 immunoprecipitates and cell 

lysates were analyzed by immunoblotting for the phosphorylation states and 

levels of the specified proteins.  

(C) HEK-293T cells overexpressing FLAG-mLST8/GβL were infected with 

lentivirus expressing a shRNA targeting raptor or GFP. FLAG 

immunoprecipitates were prepared from cell lysates and analyzed for mTOR 

kinase activity toward 4E-BP1 in the presence of 250 nM Torin1 or vehicle. 

(D) HEK-293T cells were transfected with the indicated cDNAs in expression 

vectors, cell lysates prepared, and lysates and FLAG-immunoprecipitates were 

analyzed by immunoblotting for the amounts of the specified recombinant 

proteins. 

(E) Wild-type or fld MEFs were treated with 250 nM Torin1 or vehicle for the 

indicated times. Cells were processed in an immunofluorescence assay to detect 

lamin A and DNA content and analyzed for nuclear eccentricity based on lamin A 

immunofluorescence by image analysis software for three independent fields for 

each condition (>500 cells total). Error bars indicate standard error for n=3. 



(F) HEK-293T cells transfected with GFP or the indicated HA-lipin 1 expression 

vectors were analyzed for PAP1 activity. Cell lysates were prepared and 

analyzed by immunoblotting for the levels of HA-tagged proteins. * indicate non-

specific bands.  

(G) NIH3T3 cells stably expressing the indicated FLAG-lipin 1 expression vectors 

were processed in an immunofluorescence assay to detect FLAG and imaged. 

 

Figure S4. Further characterization of mTORC1- and lipin 1-dependent 
regulation of SREBP and SREBP target gene expression, Related to Figure 
4 

(A) NIH3T3 cells were treated with 100 nM rapamycin, 250 nM Torin1, or vehicle 

for the indicated times. SREBP-1 and SREBP-2 mRNA were measured by qRT-

PCR and normalized to 36B4 mRNA levels. Error bars indicate standard error for 

n=4. 

(B) Wild-type and fld MEFs were treated with 250 nM Torin1, or vehicle for the 

indicated times. SREBP-1 mRNA was measured by qRT-PCR and normalized to 

36B4 mRNA levels. To allow comparison between wild-type and fld MEFs, each 

treated sample was normalized to the level of the vehicle controls of the same 

cell type. Error bars indicate standard error for n=4. 

 

Figure S5. Further characterization of mTORC1- and lipin 1-dependent 
regulation of nuclear SREBP protein expression and localization, Related 
to Figure 5 
(A) HEK-293T cells were treated with 250nM Torin1 or vehicle for 8 hours, nuclei 

were isolated from which soluble proteins were extracted, and the levels of the 

indicated proteins were analyzed by immunoblotting. Processed SREBP-1 and 

SREBP-2 proteins were detected at 68-70kDa. 

(B) HEK-293T cells were starved of serum or serum and amino acids for 6 hours. 

Nuclear extracts were prepared and analyzed as in (A).  

(C) Wild-type or 17xS/T->A mutant lipin 1 were stably expressed in fld MEFs. 

Nuclear extracts were prepared and analyzed as in (A).  



(D) Wild-type or 17xS/T->A mutant lipin 1 were stably expressed in HEK-293T. 

Nuclear extracts were prepared and analyzed as in (A).   

(E) NIH3T3 cells overexpressing FLAG-SREBP-2 were treated with 250 nM 

Torin1 or vehicle for 8 hours. Cells were then processed in an 

immunofluorescence assay to detect FLAG (green), costained with DAPI for DNA 

content (blue), and imaged. 

(F) Fld MEFs coexpressing wild-type or 17xS/T->A mutant FLAG-lipin 1 and HA-

SREBP-1 were processed in an immunofluorescence assay to detect FLAG 

(green), HA (red), costained with DAPI for DNA content (blue), and imaged. 

 

Figure S6. Further phenotypic characterization of Li-RapKO mice, Related to 
Figure 6 
(A) 4 month old male control and Li-RapKO mice were fed chow or a western diet 

for two months. Body weights were measured bi-monthly. Error bars indicate 

standard error for n=6.  

(B) Daily food consumption is unaffected by raptor genotype or diet. Control, Ctrl. 

Error bars indicate standard error for n=6.  
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EXPERIMENTAL PROCEDURES 

Materials 
Reagents were obtained from the following sources: antibodies to lamin A or 

lamin A/C (sc-20680, sc-6215), SREBP-1 (sc-13551) as well as HRP-labeled 

anti-mouse, anti-rabbit, and anti-goat secondary antibodies from Santa Cruz 

Biotechnology; rabbit polyclonal and monoclonal antibodies to phospho-S106 

lipin 1, phospho-S472 lipin 1, phospho-T389 S6K1 (cat.# 9234), phospho-

T37/T46 4E-BP1 (cat.# 2855, T36/T45 for M. musculus), phospho-S65 4E-BP1 

(cat.# 9451), T308 Akt (cat.# 2965), S6K1 (cat.# 9202), TSC2 (cat.# 3612), 

raptor (cat.# 4978), mTOR (cat.# 2972), 4E-BP1 (cat.# 9452), and FLAG from 

Cell Signaling Technology; rabbit polyclonal antibody to SREBP-2 from Abcam 

(ab30682); rabbit polyclonal antibodies to HA and myc from Bethyl Laboratories; 

FLAG M2 affinity gel, Flag M2 antibody, ATP, amino acids, glucose, thymidine, 

propidium iodide, and SYBR Green JumpStart Taq ReadyMix from Sigma 

Aldrich; DMEM from SAFC Biosciences; amino acid and glucose-free RPMI from 

United States Biological; rapamycin from LC Labs; Fibronectin, LY294002, and 

roscovitine from Calbiochem; PD184352 from Axon Medchem; FuGENE 6 and 

Complete Protease Cocktail from Roche; 16% paraformaldehyde solution from 

Electron Microscopy Sciences, SuperScript II Reverse Transcriptase, Alexa Fluor 

488 and 568 secondary antibodies, Platinum Pfx, Platinum Taq DNA Polymerase 

and inactivated fetal calf serum (IFS) from Invitrogen; Protein G-sepharose and 

NE-PER Nuclear and Cytoplasmic Extraction Reagents from Thermo Fischer 

Scientific; glass coverslips from Ted Pella, Inc. Antibodies to lipin 1 were 

previously described (Huffman et al., 2002). GST-4E-BP1 was previously 

described (Burnett et al., 1998). Torin1 was previously described (Liu et al., 

2010; Thoreen et al., 2009) and was kindly provided by Nathaniel Gray (Harvard 

Medical School). 

 

Cell Lines and Cell Culture 



NIH3T3 cells were obtained from ATCC. HGPS (AG01972) and their respective 

control (AG08469) human fibroblasts were obtained from the Coriell Institute. Fld 

and their respective control MEFs were generated from fld/+ mice obtained from 

Jackson Laboratories. HEK-293T, HepG2, and all fibroblast cell lines were 

cultured in DMEM with 10% IFS unless otherwise stated. 3T3-L1 preadipocytes 

were maintained in Dulbecco's Modified Eagle Medium (DMEM) with 10% 

newborn bovine serum. Differentiation of 3T3-L1 preadipocytes was initiated with 

a mix of insulin (0.25 U/ml), 3-isobutyl-1-methylxanthine (0.5 mM), and 

dexamethasone (0.25 µM) in DMEM + 10% fetal bovine serum (FBS). On day 4 

and every other day thereafter the differentiation medium was replaced with 

DMEM containing 10% FBS. See (Kim et al., 2010) for further reference. 

  

cDNA Manipulations and Mutagenesis 
The cDNA for lipin 1β used was cloned by Huffman TA et al. (Huffman et al., 

2002) and has the NCBI identifier: AAL07798. The cDNAs for full-length SREBP-

1 and SREBP-2 were cloned from a NIH3T3 fibroblast cDNA library. The cDNA 

for mLST8/GβL was generated as previously described (Kim et al., 2003). The 

cDNAs for the control genes, metap2 and rap2a, were previously described and 

validated (Peterson et al., 2009). For expression studies, lipin 1, SREBP-1, and 

SREBP-2 cDNAs were amplified by PCR and the products were subcloned into 

the Sal 1 and Not 1 sites of pRK5, pLKO.1, or pMSCV. All constructs were 

verified by DNA sequencing. For the catalytic site mutant analysis, the lipin 1 

cDNA was mutagenized using a QuikChange mutagenesis XLII kit (Stratagene) 

with oliogonucleotides obtained from Integrated DNA Technologies. To generate 

the catalytically inactive lipin 1 mutant, the catalytic site residues were mutated 

as follows: 712 D->E, 714 D->E. The 17xS/T->A mutant encompasses the 

following residues: S106, S150, (S281, T282), S285, S287, S293, T298, S328, 

(S353, S356), S392, S468, S472, S483, S634, S635, (S647, S648), S921, S923. 

Residues in parentheses were both mutated to alanine because the singly 

phosphorylated site in each case could not be unambiguously determined by 

mass spectrometry (Harris et al., 2007).  



 

Cell Lysis, Immunoprecipitations, and Kinase Assays 
For protein studies, all cells unless otherwise stated, were rinsed twice with ice-

cold PBS and lysed with Triton-X 100 containing lysis buffer (40 mM HEPES [pH 

7.4], 2 mM EDTA, 10 mM sodium pyrophosphate, 10 mM sodium 

glycerophosphate, 150 mM NaCl, 50 mM NaF, 1% Triton-X 100, and one tablet 

of EDTA-free protease inhibitors [Roche] per 25 ml). The soluble fractions of cell 

lysates were isolated by centrifugation at 13,000 rpm for 10 minutes in a 

microcentrifuge, lysate protein concentrations were normalized by Bradford 

assay (Bio-Rad). Proteins were then denatured by the addition of sample buffer 

and by boiling for 5 minutes, resolved using 4%-12% SDS-PAGE (Invitrogen), 

and analyzed by immunoblotting as described (Kim et al., 2002). 

For FLAG-mLST8/GβL purifications, cells were lysed in ice-cold CHAPS-

containing lysis buffer lacking added NaCl and NaF (40 mM HEPES [pH 7.4], 2 

mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate, 0.3% CHAPS, and 

one tablet of EDTA-free protease inhibitors [Roche] per 25 ml). FLAG M2 resins 

were incubated with pre-cleared cell lysates and incubated with rotation for 1.5 

hours at 4°C. FLAG-mLST8/GβL immunoprecipitates were then washed three 

times with CHAPS lysis buffer containing 150 mM NaCl. FLAG-lipin 1 

immunoprecipitates were washed three times with Triton-X 100 lysis buffer. Both 

FLAG-mLST8/GβL and FLAG-lipin 1 immunoprecipitates were additionally 

washed twice in 25 mM HEPES (pH 7.4), 20 mM KCL after the 3 washes in their 

respective lysis buffers. For elution of FLAG-tagged proteins, beads were 

incubated in elution buffer (50 mM HEPES pH 7.4, 500 mM NaCl, 0.1% CHAPS, 

50 µg/µl FLAG peptide) for 15 minutes at 250C. Kinase assays were performed 

as described (Sancak et al., 2007). 

For lipin 1 immunoprecipitations from differentiated 3T3-L1 cells, the 

culture medium was replaced with DMEM +10% FBS overnight and then 

incubated at 37 °C without or with 20 nM rapamycin or 250  nM Torin1. To 

terminate the incubation, the cells were rinsed once with cold PBS and then 

homogenized (1 ml of buffer/ 10 cm-diameter dish) in a syringe with a 20-gauge 



needle. Homogenization Buffer was composed of Buffer A (50 mM β-

glycerophosphate, 50 mM NaF, 1 mM EDTA, 1 mM EGTA, and 10 mM sodium 

phosphate (pH 7.4)) supplemented with 1 mM phenylmethylsulfonyl fluoride, 10 

μg/ml leupeptin, 10 μg/ml aprotinin, 10 μg/ml pepstatin, and 0.5 μM microcystin 

LR. Homogenates were centrifuged at 16,000 x g for 10 minutes, and the 

supernatants were retained for analyses. Cell lysates were incubated with lipin 1 

antibodies (2 μg) bound to protein A-agarose beads (15 μl, for rabbit antibodies) 

or protein G-agarose beads (15 μl, for mouse antibodies) at 4°C for 2 hours with 

constant mixing. The beads were then washed three times with 1 ml of Buffer A 

and proteins eluted with 1x SDS-loading buffer. After resolving by SDS-PAGE, 

immunoblots were developed with the indicated antibodies. Antibodies to lipin 1 

(Huffman et al., 2002), phospho-S106 lipin 1 (Harris et al., 2007), total and 

phospho-S65 and T37/T46 4E-BP1 (Mothe-Satney et al., 2000) have been 

described previously.   

For nuclear SREBP fractionation studies, protease pellet were added to 

buffers and nuclear extracts were prepared according to the manufacturer’s 

(Thermo Fischer Scientific) protocol. Whole cell lysates were prepared by mixing 

matched cytoplasmic fractions and nuclear fractions. 

For isolation of protein from mouse livers, RIPA buffer (40 mM HEPES [pH 

7.4], 2 mM EDTA, 50mM NaF, 10mM pyrophosphate, 10 mM glycerophosphate, 

1% sodium deoxycholate, 1% NP40, 0.1% SDS, and one tablet of EDTA-free 

protease inhibitors per 25 ml) was added to each liver sections (~20 mg). 

Homogenized lysates were generated by sonication for 7 seconds using a 

Tekmar Sonic Disruptor at 35% duty cycle with power output level 3.5. The 

soluble fractions of cell lysates were isolated by centrifugation at 13,000 rpm for 

10 minutes in a microcentrifuge and subsequently prepared as described above 

for cells lysed in Triton-X 100 containing lysis buffer. 

 

Mammalian Lentiviral Transduction 



The GFP control and mouse TSC2 shRNAs were previously described and 

validated (Peterson et al., 2009). The mouse raptor shRNA was previously 

described and validated (Thoreen et al., 2009).  

To generate virus, shRNA or mRNA-encoding plasmids were co-

transfected with the Delta VPR (pLKO.1 lentivirus) or Gag-pol envelope (pMSCV 

retrovirus) and CMV VSV-G packaging plasmids into actively growing HEK-293T 

using FuGENE 6 transfection reagent as previously described (Sancak et al., 

2008). Virus containing supernatants were collected at 48 hours after 

transfection, centrifuged to eliminate cells, and target cells (100,000-1,000,000) 

infected in the presence of 8 µg/ml polybrene. 24 hours after infection, the cells 

were given or split into fresh media. The metap2 or lipin 1 over-expressing fld 

cells and HGPS and control cells expressing TSC2 or GFP shRNA were 

additionally selected with 1 µg/ml puromycin. shRNA or mRNA-expressing cells 

were analyzed 2-7 days post-infection.  

 
Immunofluorescence Assays 
25,000-100,000 cells were plated on fibronectin-coated glass coverslips in 12-

well tissue culture plates, rinsed with PBS once and fixed for 15 minutes with 4% 

paraformaldehyde in PBS warmed to 37°C. The coverslips were rinsed three 

times with PBS and permeabilized with 0.2% Triton X-100 in PBS for 15 minutes. 

After rinsing three times with PBS, the coverslips were blocked for one hour in 

blocking buffer (0.25% BSA in PBS), incubated with primary antibody (FLAG, HA 

and/or lamin A sc-20680) in blocking buffer overnight at 4°C (for detection of lipin 

1 and/or lamin A) or 2 hours at room temperature (for detection of SREBP-1 or 

SREBP-2 and lamin A or lipin 1), rinsed twice with blocking buffer, and incubated 

with secondary antibodies (diluted in blocking buffer 1:1000) for one hour at room 

temperature in the dark. The coverslips were then rinsed twice more in blocking 

buffer, twice in PBS, and then mounted on glass slides using Vectashield 

containing DAPI (Vector Laboratories) and imaged with a 10x or 63X objective 

using epifluorescence microscopy.  



Endogenous lipin 1 immufluoresence was performed as follows: On day 5 

post-differentiation, 3T3-L1 cells were split onto poly-l-lysine coated coverslips in 

6-well plates. For amino acid or glucose starvation, the culture medium was 

replaced with a low phosphate-containing buffered solution containing 145 mM 

NaCl, 5.4 mM KCl, 1.4 mM CaCl2, 1.4 mM MgSO4, 25 mM NaHCO3, 0.2 mM 

sodium phosphate, 10 mM HEPES, pH 7.4, and either 5 mM glucose or 1x MEM 

amino acids (Gibco) (Wang et al., 2009). After treatment, cells were washed 

three times with PBS and fixed in 4% paraformaldehyde for 15 minutes at room 

temperature, washed three times with PBS, and permeabilized  with 1% Triton-X 

100 in 10% Goat Serum in PBS for 10 minutes. Coverslips were blocked for 1 

hour at room temperature in a blocking buffer of 5% Goat Serum + 0.5% Triton-X 

100 in PBS. Cells were then incubated with primary antibody dilutions (1:200 CT-

lipin 1 antibody in blocking buffer (Huffman et al., 2002)) at 4°C overnight. After 

washing three times with PBS, coverslips were placed in blocking buffer for an 

additional 30 minutes, washed three times, incubated with the secondary 

antibody dilution for 1 hour at room temperature in the dark. Following five 15 

minute washes with PBS, coverslips were mounted onto glass slides using 

Vectashield containing DAPI and imaged using a 40x objective.  

 

 

Nuclear Eccentricity and Lipin 1 Nuclear-Cytoplasmic Proportion 
Measurements 
Nuclear eccentricity was measured with CellProfiler (www.cellprofiler.org) using 

10x images with the eccentricity measurement being made on nuclei identified by 

lamin A immunostaining. FLAG-lipin 1 nuclear proportion was also quantified by 

CellProfiler as follows: after illumination correction, the nuclei were automatically 

identified using the DAPI staining; the cytoplasmic compartment was defined by 

expanding the edges of the nuclei 20 pixels in every direction; nuclear proportion 

was then measured as nuclear intensity/(nuclear+cytoplasmic intensity). 

 

Flow Cytometry 

http://www.cellprofiler.org/�


Cells were harvested with trypsin, permeabilized and stained with Nicoletti buffer 

(0.1% sodium citrate, 0.1% Triton X-100, 50ug/ml propidium iodide), and 

analyzed for DNA content on a Becton Dickinson (BD) LSR instrument using BD 

FACSDiva v5.0.2 software. A minimum of 20,000 events were counted. Values 

reported are the mean for cells treated in duplicate for each condition. 

 

Gene Expression Analysis  
For mRNA expression quantification, total RNA was isolated from cells grown in 

the indicated conditions and reverse-transcription was performed. The resulting 

cDNA was diluted in DNase-free water (1:20) followed by quantification by real-

time PCR. mRNA transcript levels were measured using Applied Biosystems 

7900HT Sequence Detection System v2.3 software. All Data are expressed as 

the ratio between the expression of target gene to the housekeeping genes 36B4 

and/or GAPDH. Each treated sample was normalized to the level of the vehicle 

controls of the same cell type. The following primers were used for quantitative 

real-time PCR: 

 

FASN (M. musculus) 

Forward: CAG CAG AGT CTA CAG CTA CCT 

Reverse: ACC ACC AGA GAC CGT TAT GC 

 

ACACA (M. musculus) 

Forward: GCC TCT TCC TGA CAA ACG AG 

Reverse: TGA CTG CCG AAA CAT CTC TG 

 

SCD1 (M. musculus) 

Forward: ACGCCGACCCTCACAATTC 

Reverse: CAGTTTTCCGCCCTTCTCTTT 

 

HMGCR (M. musculus) 

Forward: CTTGTGGAATGCCTTGTGATTG 



Reverse: AGCCGAAGCAGCACATGAT 

 

FDPS (M. musculus) 

Forward: ATGGAGATGGGCGAGTTCTTC 

Reverse: CCGACCTTTCCCGTCACA 

 

Lipin 1 (M. musculus) 

Forward: CCCTCGATTTCAACGTACCC 

Reverse: GCAGCCTGTGGCAATTCA 

 

SREBP-1 (M. musculus) 

AAGCAAATCACTGAAGGACCTGG 

AAAGACAAGGGGCTACTCTGGGAG 

 

SREBP-2 (M. musculus) 

GCGTTCTGGAGACCATGGA  

ACAAAGTTGCTCTGAAAACAAATCA 

 

36B4 (gene symbol: Rplp0) (M. musculus) 

TAAAGACTGGAGACAAGGTG 

GTGTACTCAGTCTCCACAGA 

 

GAPDH (M. musculus) 

Forward: TCACCATCTTCCAGGAGGGA 

Reverse: GCATTGCTGACAATCTTGAGTGAG 

 

 
PAP1 Activity Measurements 
PAP1 activity to measure [32P]phosphate release from [32P]phosphatidic acid was 

determined using a modification of the Carman and Lin method (Carman and Lin, 

1991). Briefly, samples of cell extracts (5 μl) from HEK-293T cells transfected 



with EGFP, HA-tagged wild-type lipin 1, or HA-tagged 17xS/T->A lipin 1 were 

added to reaction mixtures (100 μl) containing a final concentration of 2 mM 

Triton X-100, 10 mM β-mercaptoethanol, 0.2 mM [32P]phosphatidic acid (5-

10,000 cpm/nmol), 50 mM Tris-maleate (pH 7.0), and 1.5 mM MgCl2. After 20 

minutes at 30oC the reactions were terminated by adding 0.5 ml of 0.1 N HCl in 

methanol.  [32P]phosphate was extracted by vigorous mixing after adding 1 ml of 

chloroform and 1 ml of 1 M MgCl2. The [32P]phosphate in 0.5 ml of the aqueous 

phase was determined by scintillation counting and EGFP transfected values 

were subtracted. 

 

Animal Experiments 
Design of the conditional raptor-loxP mice was recently described 

(Sengupta et al., 2010). All mice were maintained in a mixed strain background 

(129/C57BL/6) and housed in a temperature-controlled environment with 12 hour 

light/dark cycles. Age-matched mice had free access to water and were fed ad 

libitum a Western-style diet (Harlan Teklad TD 88137) containing 21% (w/w) total 

lipid (42% calories as anhydrous milk fat [65% saturated, 32% monounsaturated, 

3% polyunsaturated fats]) and 0.2% (w/w) total cholesterol (of which 0.05% is 

contributed by milk fat and 0.15% is added). Body weights were recorded bi-

monthly, and food intake was measured tri-weekly. At the end of the feeding 

period, mice were euthanatized prior to organ harvest. All experiments were 

approved by the Committee on Animal Care at the Massachusetts Institute of 

Technology and conform to the legal mandates and federal guidelines for the 

care and maintenance of laboratory animals. 
 

Determination of Liver Triglycerides 
Liver sections (25-50mg) were homogenized in 900µl of a 2/1 

chloroform/methanol mixture. 300µl of methanol was added to the homogenate, 

which was then vortexed and centrifuged for 15 minutes at 3,000 rpm. 412.5 µl of 

the supernatant was transferred to a new glass tube, to which 200µl of 

chloroform and 137.5µl of 0.73% NaCl was added and the resulting mixture was 



vortexed for 30 seconds and centrifuged at 5,000 rpm for 3 minutes. The upper 

phase was then removed and 400ul of a 3/48/47 mixture of 

chloroform/methanol/NaCl(0.58%) was added to wash the lower phase and 

subsequently centrifuged at 5,000 rpm for 3 minutes. After 3 washes, the lower 

phase was evaporated and re-suspended in 1ml of isopropanol. Triglyceride 

levels were determined with using a standard assay kit (InfinityTM Triglycerides 

Reagent TR22421) from Thermo Scientific according to the manufacturer’s 

instructions. Liver triglycerides were normalized by liver section weight. 

 
Determination of Plasma Cholesterol Content 
Mouse plasma was obtained from tail vein blood which was chelated with EDTA 

and centrifuged at 5,000 rpm for 10 minutes to remove red blood cells. Levels of 

plasma cholesterol were determined using a standard assay kit (InfinityTM 

Cholesterol Reagent TR13421) from Thermo Scientific according to 

manufacturer’s instructions.  
 
Adenoviral shRNA Delivery 
Lipin 1 shRNA constructs targeting nucleotides 594–613 (lipin 1_1) or 896–915 

(lipin 1_2) of the mouse lipin 1 transcript and an shRNA construct targeting LacZ 

were generated as previously described (Finck et al., 2006). Hepatic shRNA-

mediated knockdown was achieved by intravenous administration of adenoviral 

vectors as previously described (Bernal-Mizrachi et al., 2003).  
 

SREBP-Responsive Promoter Luciferase Assays 
HepG2 cells were cotransfected by calcium-phosphate coprecipitation with: 1) 
luciferase reporter constructs driven by a SREBP-1-responsive promoter of either 

the SCD1 (Bene et al., 2001) or FASN (Kim et al., 1998) genes kindly provided 

by James Ntambi (University of Wisconsin-Madison) and Bruce Spiegelman 

(Harvard Medical School), respectively; 2) an expression construct driving 

expression of a truncated (1-460aa) transcriptionally active form of SREBP-1a 

((Shimano et al., 1996) kindly provided by Jay Horton (UT Southwestern); 3) a 

http://www.thermo.com/eThermo/CMA/PDFs/Various/File_28378.pdf�
http://www.thermo.com/eThermo/CMA/PDFs/Various/File_28378.pdf�


SV40-driven renilla luciferase expression construct to control for transfection 

efficiency; 4) as well as additionally treated with rapamycin, Torin1, or DMSO for 

4 hours or co-transfected with the indicated empty or lipin 1 expressing vectors. 

Cell lysate firefly and renilla luciferase activity were assessed by using the Dual-

Glo kit (Promega). For all samples, firefly luciferase activity was normalized to 

renilla luciferase activity. To allow comparison between disparate conditions, all 

experimental samples were further normalized to their respective controls which 

were given arbitrary values of 1.0. 
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