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with this, in vivo [ 14 C] oleate incorporation assay revealed 
that oleate incorporation into TAG was reduced to about 
50% of control cells ( Fig. 3E ). This was not due to defec-
tive cellular uptake of [ 14 C] oleate, because its incorpora-
tion into cholesteryl ester was slightly enhanced in cells 
overexpressing seipin-mCherry (data not shown). Interest-
ingly, the rate of in vitro TAG synthesis from dioleoylglyc-
erol and [ 14 C] oleoyl-CoA of ER microsomes isolated from 
cells expressing seipin-mCherry was similar to that of con-
trol cells ( Fig. 3F ), indicating that seipin expression did 
not inhibit the DGAT activities, but possibly affecting the 
availability of substrates for TAG synthesis. The mRNA 
levels of genes involved in TAG synthesis (GPAT1-4, 
AGPAT1-2, LPIN1-2, MGAT1, and DGAT1-2) were also ex-
amined by qPCR, and no signifi cant changes were detected 
( Fig. 3G ). 

 C-terminal tail of seipin is dispensable for its inhibitory 
role in TAG and LD formation 

 Fld1p (the yeast seipin protein) has a much shorter 
C-terminal tail (supplementary Fig. V A). Previously, we 
showed that the fi rst 280 amino acids of the short isoform 
of seipin (seipinS 1-280AA) complemented yeast mutant 
cells deleted for  FLD1  gene ( 17 ). We therefore deter-
mined whether overexpression of mCherry-tagged seipinS 

1-280AA could also inhibit LD formation. Similar to the 
full-length seipinS, mCherry-tagged seipinS 1-280AA 
also signifi cantly reduced LD formation (supplementary 
Fig. V B). 

 Overexpression of seipin N88S or S90L but not A212P 
promotes formation of small lipid droplets 

 The mis-sense mutations of seipin are linked to auto-
somal dominant motoneuron disorders (N88S and S90L) 
and the autosomal recessive CGL (A212P). However, their 
impact on cellular lipid metabolism has not been investi-
gated in detail. Unlike wild-type seipin, overexpression of 
seipin A212P did not signifi cantly block the formation of 
LDs (  Figs.  3B and  4  ).  A substantial portion of this mutant 
localized to a perinuclear ring in NIH3T3 cells as reported 
in murine C3H10T1/2 cells, but not in HeLa cells ( 12 ). 
Surprisingly, unlike the cells expressing mCherry or 
A212P, which synthesized both large and small LDs, cells 
expressing N88S or S90L mutants synthesized many small 
and sometimes clustering LDs reminiscent of the LD mor-
phology observed in seipin knockdown or defi cient cells 
( Fig. 4  and  Fig. 1A ) ( 16, 18 ). These results suggest that the 
N88S or S90L mutant may exert dominant-negative effects 
on lipid metabolism upon overexpression. We were not 
able to biochemically measure TAG level/synthesis in cells 

  Fig.   4.  The effect of overexpression of mCherry-tagged seipin mutants (A212P, N88S, and S90L) on LD 
formation. HeLa and NIH3T3 cells were transfected with empty or pmCherry-N1 plasmids that express mu-
tant seipin proteins for 48 h and treated with 200  � M oleate for another 16 h. Cells were stained with BO-
DIPY 493/503 and observed for LDs. Bar, 10  � m.   
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the wild-type seipin into aggregations, resulting in, in es-
sence, a seipin “loss of function” phenotype. To examine 
this possibility, we fi rst observed the localization of seipin 
mis-sense mutants and found that N88S-mCherry and 
S90L-mCherry localized to punctate structures, similar to 
the structures identifi ed by previous studies (  Fig. 5A  ) ( 11, 
22 ).  By comparison, seipinS-EGFP localized to the ER, sim-
ilar to seipinS-mCherry. Interestingly, when HeLa cells 
were cotransfected with vectors expressing seipinS-EGFP 
and N88S or S90L-mCherry, respectively, a signifi cant por-
tion of the seipinS-EGFP clearly colocalized with the punc-
tate N88S or S90L aggregates ( Fig. 5A ). In contrast, when 

expressing the mutants as  � 50% of those cells appeared 
very unhealthy, presumably due to ER stress ( 22 ). 

 The N88S and S90L mutants could recruit the wild-type 
seipin and vice versa 

 It has been reported that seipin-defi cient human fi bro-
blasts and lymphoblastoid cells contain many smaller LDs 
compared with normal cells ( 16, 18 ), which was recapitu-
lated in cultured mammalian cells in this study ( Fig. 1 ). 
Our fi nding that overexpression of the N88S and S90L 
seipin mutants caused cells to synthesize “many and small” 
LDs led us to speculate that these mutants may “hijack” 

  Fig.   5.  Seipin mutants defective in glycosylation (N88S and S90L) recruit wild-type seipin into punctate structures, whereas coexpression 
of wild-type seipin reduces protein aggregation of N88S and S90L seipin mutants in HeLa cells. A: HeLa cells were cotransfected with plas-
mids expressing either wild-type or mutant seipinS and plasmids expressing either seipinS-EGFP or SEC61B-GFP for 48 h and observed for 
cellular localization of mCherry and EGFP signals. Bar, 10  � m. B: Cells were either singly transfected with plasmids expressing N88S or 
S90L seipinS-mCherry, or cotransfected with plasmids expressing seipinS-EGFP or SEC61B-GFP. Forty-eight hours after transfection, cells 
were observed under a fl uorescence microscope. Bar, 40  � m. The percentage of cells that show punctate mCherry signals among all trans-
fected cells (n = 100, in triplicates) was calculated.   
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appears to exert dominant-negative effects possibly by 
trapping normal seipin in inclusions. Finally, we provide a 
possible explanation to the reported aggregation of seipin. 
Our results offer important insights into the biochemical 
characteristics and cellular functions of seipin and its 
mutants. 

 The role of seipin in adipogenesis has been well estab-
lished; however, its function in other tissues and especially 
its molecular function have not been elucidated. Here, a 
role for seipin in TAG metabolism has been uncovered in 
cultured mammalian cells: knocking down seipin signifi -
cantly increased TAG synthesis whereas overexpressing 
seipin had an opposite effect ( Figs. 1 and 3 ). Whereas re-
sults from the knockdown experiments corroborated with 
observations made in yeast and fl y, the overexpression 
studies were limited by the lack of a reliable seipin anti-
body. As a result, tagged seipin was used and it was impos-
sible to estimate the fold of protein overexpression relative 
to the native level in our studies. Despite these diffi culties, 
we believe results from seipin overexpression are likely to 
be physiologically relevant for the following reasons. First, 
overexpression of mCherry-, HA-, or myc-tagged seipin, 
but not the tag (mCherry) alone, all inhibited TAG synthe-
sis, which argues against the possibility that any particular 
tag may affect seipin function.   Second, expression of wild-
type seipin but not the mis-sense and loss-of-function form 
(A212P) reduced TAG synthesis ( Fig. 3B ), although both 
the mRNA and protein levels of seipin and its A212P mutant 
were expressed at a similar level (supplementary Fig. IV). 
Therefore, the specifi c effect of wild-type seipin on TAG 
synthesis is highly unlikely to be an artifact. Third, express-
ing seipin at a low level by using a Tet-on system also re-
sulted in reduced LD formation (supplementary Fig. IV). 
Fourth, the effect of seipin overexpression is opposite to 
that of seipin knockdown. Fifth, the tagged and overex-
pressed human seipin can rescue defects in seipin/FLD1 
defi cient yeast, suggesting the fusion protein is functional 
( 17 ). Finally, although three groups reported the aggrega-
tion of tagged seipin upon overexpression ( 12, 13, 22 ), 
our results showed that monomeric seipin can be easily 
detected on SDS-PAGE. Further analyses revealed that 
boiling of protein lysates caused tagged seipin to aggre-
gate, and consequently seipin appeared as a band over 
250 kDa on SDS-PAGE in earlier studies (supplementary 
Fig. I). The same phenomenon has also been observed by 
another group (Justin Rochford, personal communica-
tions). Together, these data support seipin’s role in regu-
lating TAG synthesis, which should be further examined 
in other experimental systems, e.g., transgenic mice. 

 It is not surprising that seipin can interact with itself and 
the A212P and N88S/S90L mutants because the oligomer-
ization of yeast seipin/Fld1p has been recently demon-
strated ( 19 ). It is interesting that N88S or S90L but not 
A212P appears to exert a dominant-negative effect on LD 
biogenesis upon overexpression. N88S and S90L have 
been linked to motoneuron disorders and their role in 
lipid metabolism has never been demonstrated. Our data, 
for the fi rst time, suggest that N88S/S90L may have an 
impact on LD formation especially upon overexpression. 

SEC61B-GFP was coexpressed with N88S-mCherry or 
S90L-mCherry, it was not recruited to the punctate struc-
tures ( Fig. 5A ). These results indicate that N88S and S90L 
can specifi cally recruit wild-type seipin to the punctate 
structures. 

 Intriguingly, when the wild-type seipinS-EGFP was co-
expressed with N88S-mCherry or S90L-mCherry mutants, it 
signifi cantly prevented the aggregation of N88S and S90L 
mutants ( Fig. 5B ). When HeLa cells were transfected with 
vectors expressing the N88S or S90L alone, about 70% of 
cells displayed punctate signal, and this percentage decreased 
to  � 5% when seipinS-EGFP was coexpressed ( Fig. 5B ). By 
contrast, the coexpression of SEC61B-GFP did not reduce 
the aggregation of seipin N88S and S90L. These results sug-
gested that the N88S and S90L mutants could “kidnap” the 
wild-type seipin into the punctate structures, whereas wild-
type seipin could also keep them from aggregating. 

 Wild-type seipin can interact with itself and the 
mis-sense mutants 

 A recent elegant study showed that yeast seipin/Fld1p 
can form homo-oligomers ( 19 ). Based on the functional 
analysis and the localization results described earlier, we 
hypothesize that mammalian seipin might interact with it-
self and N88S or S90L, forming oligomers. To test this, 
HeLa cells were cotransfected with vectors expressing Flag-
seipinS (wild-type) together with wild-type or mutant forms 
of seipinS-mCherry (A212P and N88S), immunoprecipi-
tated with anti-Flag, and probed with anti-mCherry. Our 
results indicated that wild-type seipin can interact with it-
self, and both forms of mutant seipin (A212P and N88S) 
(  Fig. 6A  ).  S90L also interacts with seipin (data not shown). 
As a control, SEC31A-EGFP and SEC61B-GFP, two ER 
membrane proteins, did not coimmunoprecipitate with 
seipin (supplementary Fig. VI). To estimate the size of 
wild-type and mutant seipin complexes, cell lysates solubi-
lized in 0.5% CHAPSO were separated by blue native 
PAGE, and tagged seipin and its mutants were detected by 
specifi c antibodies ( Fig. 6B ). Complexes containing wild-
type or A212P appear at  � 1236 kDa whereas those con-
taining N88S or S90L are slightly smaller. These data 
further indicate that seipin and its mutant forms exist in 
large protein complexes. 

 DISCUSSION 

 Mutations in seipin are associated with motoneuron dis-
orders and the most severe form of human lipodystrophy 
( 5, 11 ). Seipin and its yeast homolog have also been dem-
onstrated to regulate the cellular dynamics of LDs, the pri-
mary storage form of energy ( 16–18 ). Yet, little is known 
about the biochemical and cellular function of seipin, 
which resides in the ER through two transmembrane do-
mains but lacks any recognizable functional domains/
motifs ( 10, 23 ). Here, we established an important role for 
seipin in TAG metabolism in cultured mammalian cells by 
knockdown and overexpression studies. We also demon-
strate that seipin can interact with itself and its mutant 
forms. Overexpression of N88S or S90L, but not A212P, 
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from the Farese laboratory provide the most convincing 
evidence to explain this apparent paradox: mouse embry-
onic fi broblasts defi cient in DGAT activity retain an intact 
adipogenic program, although TAG synthesis is completely 
blocked, indicating that lipogenesis and adipognesis are 
independent events ( 29 ). The lack of lipid storage in adi-
pose tissue upon seipin depletion is due to a defect in the 
differentiation process, but not in lipogenesis. Moreover, 
massive lipid accumulation is observed in the liver and fi -
broblasts of BSCL2 patients. The inhibitory role of seipin 
on cellular lipogenesis is further supported by previous 
observations that TAG accumulates in the  FLD1  (yeast 
seipin) null mutant and in seipin defi cient salivary gland 
of  Drosophila , and that LDs proliferate in seipin-defi cient 
fi broblasts ( 15, 17, 18 ). Consistent with results from the 
current study, seipin has also been implicated in phospho-
lipid and fatty acid metabolism ( 16, 17 ). Seipin may func-
tion directly in fatty acid metabolism and therefore 
indirectly impact TAG synthesis. Alternatively, however, 
the effect of seipin on fatty acids may be secondary as the 
level and distribution of phospholipids, such as phosphati-
dylcholine, can have a major impact on lipid acyl chain 
composition to help maintain membrane integrity ( 20, 30 ). 

N88S and S90L have been reported to form large perinu-
clear inclusions ( 24 ), therefore, they may drag wild-type 
seipin into inclusions upon overexpression so to interfere 
with normal seipin function and cause a dominant-nega-
tive phenotype ( Figs. 5 and 6 ). This may not occur in vivo 
because the protein level of N88S/S90L could be too low 
to interfere with normal seipin function. Therefore, pa-
tients carrying N88S/S90L show motoneuron defects but 
not lipodystrophy. The loss-of-function mutant, A212P, lo-
calizes to the nuclear envelope when expressed in NIH3T3 
cells but this did not affect seipin function and LD mor-
phology. It is possible that the overexpressed A212P can 
trap seipin in nuclear envelope but the trapped seipin may 
still be functional. Alternatively, the A212P mutant may be 
a weak allele of seipin, which retains some normal activity. 
In this regard, knocking down seipin expression by  � 50% 
can almost abolish adipogenesis in 3T3-L1 cells ( 13 ). 

 Knocking down seipin increases TAG synthesis in HeLa 
and 3T3-L1 cells, but inhibits the differentiation of preadi-
pocytes into adipocytes and consequently lipid storage in 
adipose tissue. How could the loss of seipin function on 
one hand promote lipogenesis, but on the other hand in-
hibit adipogenesis and fat accumulation? Recent results 

  Fig.   6.  Human seipin interacts with itself, A212P and N88S. A: Coimmunoprecipitation of A212P and 
N88S mutants with wild-type seipin. HeLa cells cotransfected with plasmids expressing Flag-seipinS and plas-
mids expressing mCherry-tagged wild-type seipinS, A212P or N88S mutant were lysed and immunoprecipi-
tated with anti-Flag or with mouse IgG (as a control). The resulting pellets were subjected to SDS/PAGE and 
immunoblot analysis with anti-Flag and anti-mCherry. Arrow, seipinS-mCherry. B: Both mCherry- and Flag-
tagged WT and mutant seipinS form complexes of large molecular weight. HeLa cells were lysed with Lysis 
buffer B containing 0.5% (v/v) CHAPSO. Proteins were separated by electrophoresis in 4-16% Native PAGE 
gels.   
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Although unlikely, the effect of seipin on TAG/lipid me-
tabolism could be entirely indirect as seipin deletion may 
increase cellular stresses, such as ER stress, which is known 
to upregulate TAG synthesis ( 25 ). More detailed future 
analyses with better tools are needed to pinpoint the mo-
lecular function of seipin. 

 In summary, we have demonstrated for the fi rst time 
that seipin is involved in TAG synthesis in cultured mam-
malian cell lines under nondifferentiating conditions and 
we have revealed important biochemical characteristics of 
seipin and its mutants. These results should facilitate fu-
ture investigation of the important yet “mysterious” pro-
tein, seipin ( 20, 23 ).  
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