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cells.
Conclusion: NEP1-R1 is the metazoan Spo7p ortholog.

\_

(Background: Lipins are phosphatidic acid phosphatases. In yeast, lipin is activated by the Nem1p-Spo7p complex. There is
controversy as to whether a mammalian Spo7p ortholog exists.
Results: The metazoan Spo7p ortholog is now identified and shown to interact with lipins in yeast, nematodes, and mammalian

Significance: The lipin activation system is conserved in evolution.

J

Lipin-1 catalyzes the formation of diacylglycerol from phospha-
tidic acid. Lipin-1 mutations cause lipodystrophy in mice and acute
myopathy in humans. It is heavily phosphorylated, and the yeast
ortholog Pahlp becomes membrane-associated and active upon
dephosphorylation by the Nem1p-Spo7p membrane complex. A
mammalian ortholog of Nem1p is the C-terminal domain nuclear
envelope phosphatase 1 (CTDNEP1, formerly “dullard”), but its
Spo7p-like partner is unknown, and the need for its existence is
debated. Here, we identify the metazoan ortholog of Spo7p,
TMEM188, renamed nuclear envelope phosphatase 1-regulatory
subunit 1 (NEP1-R1). CTDNEP1 and NEP1-R1 together comple-
ment a nem 1Aspo7A strain to block endoplasmic reticulum prolif-
eration and restore triacylglycerol levels and lipid droplet number.
The two human orthologs are in a complex in cells, and the amount
of CTDNEP1 is increased in the presence of NEP1-R1. In the
Caenorhabditis elegans embryo, expression of nematode CTD-
NEP1 and NEP1-R1, as well as lipin-1, is required for normal
nuclear membrane breakdown after zygote formation. The expres-
sion pattern of NEP1-R1 and CTDNEP1 in human and mouse tis-
sues closely mirrors that of lipin-1. CTDNEP1 can dephosphoryl-
ate lipins-1a, -1b, and -2 in human cells only in the presence of
NEP1-R1. The nuclear fraction of lipin-1b is increased when CTD-
NEP1 and NEP1-R1 are co-expressed. Therefore, NEP1-R1 is func-
tionally conserved from yeast to humans and functions in the lipin
activation pathway.
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Phosphatidic acid (PA)* and diacylglycerol (DAG) are lipid
second messengers involved in several essential signaling and
trafficking functions. For example, PA activates mammalian
target of rapamycin, S6 kinase, and other mitogenic signaling
molecules, recruits PKCs and RhoGDIs to membranes for cyto-
skeletal rearrangements and cell migration, and is involved in
vesicle budding and fusion (1-5). DAG activates several signal-
ing molecules such as PKCs, PKDs, and ion channels through
their C-1 domains (6 —8). These two lipids are also at the cross-
roads of phospholipid synthesis and neutral lipid storage (9, 10).
PA serves as a precursor of phospholipids through the CDP-
DAG pathway and in yeast can negatively regulate phospho-
lipid synthesis through sequestration of a transcription factor
(11, 12). DAG is the precursor of phospholipids through the de
novo (Kennedy) pathway and also is required for the formation
of triacylglycerols.

Phosphatidic acid and diacylglycerol can be interconverted
by phosphatidic acid phosphatases and DAG kinases, and thus
these enzymes can control cell signaling and movement, pro-
tein trafficking, and biosynthesis of bulk membrane and storage
lipids (13, 14). In mammals, Mg>"-dependent phosphatidic
acid phosphatase activity is encoded by three lipin genes encod-
ing lipin-1, lipin-2, and lipin-3 and related splice variants (15—
18). Lpinl was originally identified by characterization of a
spontaneous mutation in the mouse that resulted in a lipodys-
trophy-like syndrome characterized by loss of body fat, fatty
liver, hypertriglyceridemia, and insulin resistance (19, 20).
Lipin genes were found to be highly conserved from mammals
to yeast (19). In Saccharomyces cerevisiae, the sole known lipin
ortholog is Pah1p and was the first lipin protein shown to act as
a Mg>"-dependent phosphatidic acid phosphatase enzyme (16,
21, 22).

“The abbreviations used are: PA, phosphatidic acid; ER, endoplasmic reticu-
lum; DAG, diacylglycerol; TAG, triacylglycerol; CFP, cyan fluorescent pro-
tein; BHK, baby hamster kidney.
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Lipins, including Pah1p, are regulated by multiple phospho-
rylations (23-25). For example, mouse lipin-1 is phosphory-
lated through the mammalian target of rapamycin pathway in
response to insulin (26). In budding yeast, Pah1p is inactivated
by phosphorylation by Cdc28p and likely by other kinases (21,
27) and activated by dephosphorylation by a nuclear envelope
membrane complex consisting of Nemlp and Spo7p, with
Nem1p being the catalytic subunit (21). In the absence of Pah1p
or its activators in yeast, there is a severe decrease in TAG levels
and lipid droplets and an expansion of the nuclear envelope,
consistent with a decrease in DAG and an increase in phospho-
lipid synthesis caused by the sequestration of the transcrip-
tional regulator Opilp by PA in the ER membrane (11, 16, 28,
29). Lipin also plays a role in nuclear envelope breakdown dur-
ing mitosis in the Caenorhabditis elegans embryo. Lowering
lipin-1 levels inhibits nuclear envelope breakdown, suggesting a
role for DAG in this process (30, 31).

A study in 2007 (32) demonstrated that human C- terminal
Domain Nuclear Envelope Phosphatase 1 (CTDNEP1, origi-
nally termed “dullard” for its effects on Xenopus neural devel-
opment (33)) is the ortholog of Nem1p and could functionally
replace Nem1p in yeast. CTDNEP1 had no lipin dephosphoryl-
ation activity in two of three cultured cell lines tested, suggest-
ing it required a hypothetical human Spo7p as a binding part-
ner. However, a soluble fragment of CTDNEP1 was able to
dephosphorylate peptides derived from the lipin-1 sequence
with good kinetics, leading the authors to postulate that there
was no need for a human Spo7p (34).

Although S. cerevisiae Spo7p was characterized over a decade
ago, identification of a Spo7p homolog in higher eukaryotes has
proven challenging even with recent advances in bioinformatic
search methods. We now report that TMEM188 is the meta-
zoan Spo7p ortholog and have renamed it NEP1-R1 (Nuclear
Envelope Phosphatase 1-Regulatory subunit 1). NEP1-R1 and
CTDNEP1 are shown to physically and functionally interact.
Knockdown of the two corresponding genes have similar phe-
notypes in C. elegans and share nearly identical expression pro-
files with lipin-1 in mouse and human tissues. CTDNEP1 can
dephosphorylate lipin-1 isoforms and lipin-2 in cells only in the
presence of NEP1-R1. Finally, in the presence of CTDNEP1 and
NEP1-R1 together, there is an accumulation of lipin in the
nucleus.

EXPERIMENTAL PROCEDURES
Homology Searching

Servers hosting PROCAIN and HHPRED used to identify
animal SPO7 homologs can be found on line.

Experiments in Yeast

Strains and Growth Conditions—All yeast strains used in this
study are listed in supplemental Table S1 (top section). The
BY4742 strain was used as wild-type control unless indicated.
Cells were grown in SD (yeast nitrogen base + 2% dextrose)
medium with appropriate amino acid and base supplements for
auxotrophies in a 30 °C shaker-incubator and harvested in late
log phase (ODgy, 1.2-2.0) for observation and analysis,
because spo7A and nemIAspo7A show the most prominent
lipid-related phenotype in late log phase. To generate spo7A
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or nemlAspo7A, the SPO7 allele was replaced with the HIS3
auxotrophic marker by homologous recombination. Yeast
strains were transformed by the lithium acetate method (35).
Correct integration was verified by PCR of genomic DNA.
For the sporulation assay, diploid strains were sporulated
(36) and observed by light microscopy after 5 days at 26 °C.
Asci containing at least two spores were counted as
sporulated.

Plasmid Vectors for Yeast Transformation—All plasmids and
oligonucleotides used in yeast are listed in supplemental Tables
S1 (bottom section) and S2, respectively. Standard recombinant
DNA techniques were used. Bacterial strain DH108 (Invitro-
gen) was used for all bacterial transformations. NEP1-R1
(TMEM188, ID 5266084) and CTDNEP1 (dullard, ID 4123279)
c¢DNA were purchased from Open Biosystems. The open read-
ing frames encoding NEP1-R1 and CTDNEP1 were amplified
by PCR and subcloned into pRS315-PGK1 and pRS316-
PGK]1, respectively (37). For the C-terminally tagged versions,
pRS315-PGK1-HA-ProtA was derived from plasmid BG1805
(38), and pRS315-PGK1-2XFLAG was generated by inserting
oligonucleotides encoding tandem repeated FLAG sequence
(KLDYKDDDDKDYKDDDDK, additional amino acid seq-
uence is underlined) to the HindIII/Sall site of pRS316-PGK1.
Subsequently, NEP1-R1 and CTDNEP1 ORFs were subcloned
into pRS315-PGK1-HA-ProtA and pRS316-PGK1-2XFLAG,
yielding pRS315 PGKI1-NEP1-R1-HA-ProtA and pRS316-
PGK1-CTDNEP1-2XFLAG, respectively. The catalytic inac-
tive version CTDNEP1 D67N-2XFLAG was generated from
pRS316-PGK1-CTDNEP1-2XFLAG by rapid PCR site-di-
rected mutagenesis (39). The open reading frames of SPO7 and
NEM 1 were PCR-amplified from genomic DNA and subcloned
into pRS315-PGK1 and pRS316-PGK1, respectively. For an
endoplasmic reticulum marker, a Sec63p-CFP fusion construct
(40) was generated as follows. First, pFA6-CFP hygroMX vector
was derived from pRS315-PGK-CFP-HDEL (41) and pFA6 hph
(kindly provided by B. Tu laboratory, University of Texas
Southwestern) (42, 43). Then, using this vector as a PCR tem-
plate, SEC63 ORF was C-terminally tagged with the CFP-en-
coding sequence in wild-type yeast as described before (43).
From that strain, Sec63p-CFP fusion gene was amplified by
PCR and subcloned first into pRS315-PGK1 and then into the
pRS317 vector, yielding pRS317-PGK1-SEC63-CFP. DNA
sequences were verified by The McDermott Center for Human
Growth and Development (University of Texas Southwestern).

Fluorescence Microscopy—To visualize lipid droplets, yeast
cells in early or late log phase were stained with BODIPY 493/
503 (Invitrogen) as described previously (41). All images were
acquired with Slidebook software (Intelligent Imaging Innova-
tions, version 4.1.0.3) using a microscope (Axiovert 200 M; Carl
Zeiss Microimaging, Inc) with a 100 X 1.3 NA oil immersion
objective lens (plan-NeoFluar) equipped with a digital camera
(Sensican, Cooke). BODIPY images were acquired using the
fluorescein isothiocyanate (FITC) filter set (excitation 490/20
and emission 528/38), and CFP was imaged with the CFP filter
set (excitation 430/25; emission 470/30) (Chroma Technology
Corp). Z-stacks were obtained at 0.3-um spacing, and Slide-
book commands of deconvolution (nearest neighbor option)
were used to build images through cells. Transmission images
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were acquired using bright field optics. Micrograph figures
were prepared with Adobe Photoshop and Illustrator.

Lipid Analysis—Lipid extraction and one-dimensional thin
layer chromatography were performed as described previously
(37) with a few modifications. Yeast cell pellets were lysed with
acid-washed glass beads (Sigma, G8772, 425— 600 um) in lysis
buffer (50 mm Tris-Cl, pH 8.0, 1 mm EDTA, 150 mm NaCl, 10%
glycerol, 0.5 mm dithiothreitol) containing 0.1% (v/v) IGEPAL
CA-630 (Sigma, [-3021, equivalent to Nonidet P-40) in the cold
room for 30 min. Extracts were treated with 70 °C hot isopropyl
alcohol for 30 min and then extracted as before. Lipid bands
were digitally scanned, and their intensities were determined by
Image] (version 1.41, National Institutes of Health). Concentra-
tions were calculated relative to serial dilutions of lipid stand-
ards (Nu-Chek Prep, TLC 18 -5C).

Immunoblotting and Co-immunoprecipitation—For exam-
ining protein expression, whole lysates were prepared from
yeast as described previously (44) and subjected to SDS-PAGE
followed by immunoblotting. For the co-immunoprecipitation
experiment, yeast cell pellets were lysed with glass beads in lysis
buffer containing 1% (v/v) protease mixture inhibitors (Sigma,
P-8215) as described under “Lipid Analysis.” About 1.5 mg of
clarified lysates (equal protein in each experiment; protein was
determined with protein assay kit (Bio-Rad)) of each sample
was subjected to immunoprecipitation with 25 ul of IgG-Sep-
harose 6 Fast flow bead s(GE Healthcare, 17-0969-01) in 1.5-ml
tubes for 2 h at 4 °C and separated into bound or unbound
fractions by centrifugation. The beads (bound fraction) were
washed at least three times with lysis buffer. Equivalent
amounts were saved for total lysates. Subsequently, the equiv-
alent amounts of fractions (corresponding to 10 —30 ug of total
lysate) were resolved by SDS-PAGE and immunoblotted fol-
lowing standard protocols. Hemagglutinin (HA) and FLAG
epitopes were probed with mouse monoclonal anti-HA (Roche
Applied Science, 12CA5) and mouse monoclonal anti-FLAG
M2 (Sigma, F3165) antibody, respectively. Anti-glucose-6-
phosphate dehydrogenase (Zwflp) antibody (Invitrogen,
A9521) was used for aloading control. Horseradish peroxidase-
conjugated goat anti-mouse IgG (Invitrogen, G21040) or rabbit
anti-mouse IgG (Invitrogen, G21234) was used as secondary
antibody. Bound antibody was detected using ECL Western
blotting detection reagents (GE Healthcare).

Experiments in C. elegans

For C. elegans RNA-mediated interference and embryo
imaging, double-stranded RNA (dsRNA) was prepared as
described previously (45) from templates by using primers for
sepl-2 (5'-AATTAACCCTCACTAAAGGATGACAACAAT-
CGCACAGTCT-3'; 5'-TAATACGACTCACTATAGGGAG-
ACGGAGAAGGTGTAGAAC-3'), T19A6.3 (5'-AATTAAC-
CCTCACTAAAGGGATTCAGGCCAGAAGAATGC-3'; 5'-
TAATACGACTCACTATAGGTGGAGCAGAATTACGAAC-
TGC-3'), and lpin-1(5'-AATTAACCCTCACTAAAGGGGCC-
ATTTGTCCACTCTCAT-3"; 5-TAATACGACTCACTATA-
GGCTTACACACTCGGCGGTTTT-3') to amplify N2 genomic
DNA or N2 cDNA. For depletion of scpl-2 and T19A6.3, L4 her-
maphrodites were injected with dSRNA and incubated at 20 °C for
48 h before analysis. For depletion of lpin- 1, young adult hermaph-
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rodites were injected with dsSRNA and incubated for 12-16 h at
25 °C. For each condition, two different C. elegans strains express-
ing fluorescent markers had twinned nuclei in the two-cell stage.
Embryos were mounted as described previously (45), and live
imaging was conducted at 20 °C using a spinning-disc confocal
microscopy head (CSU-10) mounted on either a Nikon TE2000-E
inverted microscope or an Andor Revolution spinning disc confo-
cal microscope system controlled by the Andor iQ software
(Andor Technology). In all cases a X60, 1.4 NA Plan Apochromat
lens with 2 X 2 binning was used with a charge-coupled device
camera (Orca-ER; Hamamatsu). Images were processed using
Image] software.

Experiments in Mice and Mammalian Cultured Cells

Gene Expression in Mouse and Human Tissues—BALB/cBy]-
Lpinl™"@ mice were obtained from The Jackson Laboratory
(Bar Harbor, ME) and bred to generate homozygous wild-type
and fld/fld mice. Mouse tissue RNA was isolated with TRIzol,
reverse-transcribed (Omniscript™', Qiagen, Valencia, CA),
and quantitated by real time PCR using the iCycler (Bio-Rad)
and SensiMix SYBR kit (Bioline USA Inc., Tauton, MA). Mouse
gene expression levels were normalized to TATA box-binding
protein mRNA. Gene expression studies in human tissues were
performed with a panel of normalized first strand cDNA prep-
arations pooled from multiple individuals (Human MTC Panel
I and Digestive System MTC Panel, Clontech) and normalized
to levels of B,-microglobulin and hypoxanthine phosphoribo-
syltransferase mRNA. PCR primer sequences are provided in
supplemental Table S3

Gene Knockdown in Mouse Cells—Mouse myoblast C2C12
cells were cultured in DMEM (Invitrogen) containing 10% FBS
supplemented with 100 pg/ml penicillin/streptomycin (Invit-
rogen). All gene knockdown experiments were carried out in
12-well plates using the BioT transfection reagent (Bioland Sci-
entific LLC, La Palma, CA) according to the manufacturer’s
instructions. Briefly, C2C12 myoblasts were plated to 50 -90%
confluence and transfected with 200 nm lipin-1 antisense oligo-
nucleotide (Isis Pharmaceuticals, Inc., Carlsbad, CA) or siT-
MEM188 (ON-TARGETplus SMART pool, Dharmacon Inc.,
Chicago) (see supplemental Table S3). After 24 h, the medium
was replaced with DMEM containing 2% horse serum and then
cultured for 48 h. The cells were harvested in 0.6 ml of TRIzol
reagent. RNA isolation and real time PCR was then performed
as described above. Expression levels were normalized to
TATA box-binding protein, 3,-microglobulin, and hypoxan-
thine-guanine phosphoribosyltransferase. Data were expressed
as fold induction or repression by normalizing the data to the
control condition.

DNA Constructs for Transfection—Construction and des-
cription of CTDNEP1- and NEP1-R1-encoding plasmids for
mammalian expression are listed in supplemental Table S4.

Transfections and Cell Manipulations—HEK293T or HeLa
cells were grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum. For biochemistry
experiments, cells were transfected with DNA using Lipo-
fectamine 2000 (Invitrogen). For immunofluorescence experi-
ments, cells were transfected with DNA using X-tremeGENE
HP (Roche Applied Science). For stability experiments, cells
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were transfected with 6 ug of CTDNEP1-V5His and increasing
amounts (0, 1, 3,and 6 ug) of NEP1-R1-HA-ProtA keeping total
DNA amounts constant at 12 ug. Cells were lysed with 1% SDS
with 2 mM EDTA in 10 mMm Tris-HCI, pH 7.2, and total protein
amounts were measured using the BCA protein assay kit
(Thermo Scientific) for equal loading. For co-immunoprecipi-
tation, cells were harvested in immunoprecipitation buffer (32)
and lysed by passing through a 25-5/8-gauge needle 10 times
before centrifuging at 10,000 X gfor 5 min. Cleared lysates were
further spun down at 14,000 X g for 10 min at 4 °C twice to
isolate fully detergent-soluble lysates. About 3.5 mg of lysates
were applied to IgG-Sepharose. The subsequent steps were the
same as described under “Experiments in Yeast.”

Antibodies—For detection of FLAG- and HA-tagged pro-
teins, these epitopes were probed as described for yeast. For
detection of mammalian cell lysates by immunoblot, the follow-
ing antibodies were used: anti-V5 (Invitrogen, R960-25) at
1:5000; anti-HA (Roche Applied Science, 12CA5) at 1:1000; and
anti-tubulin (Sigma, DM1a) at 1:5000. Primary antibodies for
immunofluorescence were as follows: anti-HA.11 at 1:5000
(Sigma) and anti-FLAG at 1:1000 (Invitrogen). Secondary anti-
bodies anti-mouse Cy2 and anti-rabbit Cy3 (Jackson Immu-
noResearch) were each used at 1:250.

Indirect Immunofluorescence and Fixed Cell Analysis—Cells
were fixed immediately after aspiration of media with 4% para-
formaldehyde in phosphate-buffered saline (PBS) for 20 min at
room temperature (RT), then permeabilized with 0.1% Triton
X-100 in PBS for 5 min, rinsed three times with PBS, and incu-
bated with 0.5% BSA for 30 min at RT. Fixed cells were incu-
bated with primary antibodies and secondary antibodies
diluted in 0.5% BSA for 1 h and 30 min, respectively, at RT.
Between antibody incubations, cells were rinsed three times
with PBS. Cells were mounted with ProLong Gold mounting
media containing DAPI (Invitrogen). Images were recorded on
a DeltaVision microscope at 1 X 1 binning with a 100X NA 1.3
U-PlanApo objective (Olympus). Z-stacks (0.5 wm between
sections) were deconvolved using SoftWoRx (Applied Preci-
sion) and processed in Photoshop. All images shown are single
sections that were processed similarly between different condi-
tions. For quantification of nuclear accumulation of Lipin-1b,
images using a X40 NA 1.3 U-PlanApo objective (Olympus)
were analyzed using Image]. Using the DAPI channel as a ref-
erence, the nuclear region was traced to measure the mean
nuclear fluorescence. Cell boundaries were traced using the
lipin-1b channel using an area at least 20 pixels larger than the
nuclear area to measure mean cell fluorescence (nuclear and
cytoplasmic). To calculate total fluorescence in each region,
mean fluorescence was multiplied by area and corrected by sub-
tracting the total camera background for that same area. The
nuclear fraction is equal to total nuclear fluorescence divided by
total cell (nuclear and cytoplasmic) fluorescence.

In Vivo Dephosphorylation of Lipins in HEK293 Cells—Cells
were transfected in 10-cm dishes with 6 ug each of CTDNEP1—
2XFLAG or CTDNEP1-V5His and NEP1-R1-HA-ProtA or
NEP1-R1-FLAG together with 2 ug of mouse lipin-1a, -1b, or -2
fused to V5His or HA epitopes. Twenty four hours after trans-
fection, cells were lysed with 1 ml of cold lysis buffer (50 mm
NaF, 1 mm EDTA, 1 mm EGTA, 10 mm Na,HPO,, 50 mm
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B-glycerophosphate, pH 7.4, 0.1% Triton X-100, and a protease
inhibitor tablet). Lysates were resuspended in SDS loading
buffer, and 1% of total lysate from each sample was loaded and
resolved on a SDS-polyacrylamide gel. For A-phosphatase treat-
ment, 50 pg of total lysate was added to 400 units of A-phos-
phatase in 1 X PMP buffer (New England Biolabs, P0753), sup-
plemented with 1 mm MnCl,, and was incubated at 30 °C for 30
min. Reactions were stopped by addition of SDS sample buffer,
and ~20% of the reaction was loaded and resolved on an SDS-
polyacrylamide gel. For immunoprecipitations, precleared cell
lysates were incubated with 2 ug of anti-mid-lipin-1b (32) for
2 h at 4 °C. After washing with lysis buffer, immune complexes
were washed twice with phosphatase wash buffer (50 mm
HEPES, 100 mm NaCl, 2mM DTT, and 0.01% Brij). After the last
wash, the supernatant was removed, and beads were incubated
with the reaction buffer * phosphatase, as above.

RESULTS

TMEM188 Is a Candidate for the Human Spo7p Ortholog—
In yeast, Nem1p associates with Spo7p in a phosphatase com-
plex to dephosphorylate the yeast lipin ortholog, Pahlp (21).
The Nemlp mammalian ortholog, CTDNEP1, was unable to
dephosphorylate lipin-1 in HeLa or HEK293 cells, suggesting
that these cells are missing a Spo7p-like partner (32).

Spo7p orthologs have been found in several fungal species,
including Schizosaccharomyces pombe. However, identification
of nonfungal homologs has been hindered by very low sequence
similarity. Standard approaches such as BLAST and PSI-
BLAST failed to find statistically significant hits outside fungi,
and analysis of marginal hits below default threshold (E-value
above 0.005) did not suggest useful leads. This difficulty is
largely caused by the small size of the fungal family and the
transmembrane nature of the protein. The first hint of an Spo7p
mammalian homolog was given by the PROCAIN program
(47), which found TMEM188 (GI 31542781) as the first hit
encoded by the human genome. TMEM188 is a hypothetical
membrane protein of unknown function or significance that
has been identified in vertebrates (fish and tetrapods). Visual
inspection of the alignment of Spo7p with TMEM188 revealed
a few conserved positions concentrating in several motifs.
Some of the invariant positions were occupied by nonhydro-
phobic amino acids, which increased our confidence in homol-
ogy for these transmembrane proteins (Fig. 1). Homology was
further supported by the HHpred server (48). Although S.
cerevisiae Spo7p sequence used as HHpred query did not find
TMEM188 proteins with statistical significance, querying the
human proteome with the S. pombe Spo7p sequence returned
TMEM188 with HHpred probability of 95%. Additional
homologs were found in Drosophila, C. elegans, and Trichoplax.
Their multiple alignment (Fig. 14) looked convincing enough
to warrant experimental investigation into their functions.

All candidate proteins have a very similar topology with a few
invariant amino acids. Similar to the yeast Spo7p, the animal
forms are predicted to have two membrane spans (TM1 and
TM2 in Fig. 1) and three other regions of homology (CR1, CR2,
and CR3). The Spo7p forms in yeast were longer than the ver-
tebrate proteins (Fig. 1B). In S. cerevisiae, Candida glabrata,
and Aspergillus niger, the SPO7-encoded proteins were pre-
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A

S.cerevisiae Spo7

TM2 | CR2 |

43 NISPASMIFRNLILIZDDI#RRQAHEQKILKWOFTLFLASMAGVGAFTFYELYFTSD [3] -GLHRVILQFTLSFISITVVIAFHISEOYRRTIVIPRRFFTSTNKG [67]VDVKLVLNPRAFS 225 259 gi|134836

C. glabrata Spo7 77 SISPASMVERNMLILIZDDIFRSQSRRLRVLRLOFTAFLSTLAGIAAFSFYLLYFSDE [3] -GVYRFILQFSLLFIMITVVI#FHLSEQOYKRTIIIPRRFFMSTNKG [67]VDVKLILNPRAFN 259 288 gi|50285733
S. pombe Spo7 4 YVPNTLSVYHNIJLILIZASIZRKTYLOLQVRRQKYMAFYVSLLVWNFYFGYRVFYRIS [2] -SLIDLTYKLCLLCGIVTLLMFYFSeLYRTTIVYPSRYVQQVNKA [23]CGVHLILSSKRFD 141 180 gi|74625858
Asp. niger Spo7 59 LPSSPPQIYLNMLILIXSSIFRAQYLALRERRRONTFFLLLLAAWIAYFAYALFLRPR[11]WVVEMGEKVALMGGVVTALISVWGTEOWERGVSL LARRSQPR [48]DYIRLLLLPKSFS 230 433 gi|145228795

Trichoplax TMEM188 1 MDLDPAQQAE AFIAC
C. elegans T19A6.3 8 MPEDPSTACEDIKFF
D. mlngstr 1 CG8009 1
D. mlngstr 2 CG41106 1
Human TMEM188 16
Sec. structure pred.

B

S. cerevisiae

105 gi|196003352
140 gi|75029365
131 gi| 74866185
123 gi|116007228
142 gi|31542781

TEVITYMGPTCTRWRIAIVIFAVLVGVIGSKYFANEK [9] -DMFLTTHLDFTLCFFVGLLI#AFAV! 'H-RRIVAPTIVARRCRDA [ 9] -HNGKLIVKPAVRN 137
—---MEPSACE. AF TE' SYRPSTFRWRKLLAV [7] CTAISAWYWLRDPR[6] ~-TESLWIHPVFTVATLTLVVMFIL—eTIQ-KLVIAPQIITSRTRMV [ 9] ~-DTGKLILKPROSN 127
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FIGURE 1. Spo7p is conserved from fungi through mammals. A, multiple sequence alignment of representative Spo7p homologs. Sequences are labeled
with organism names and gene IDs. GenBank™ gi numbers are at the end of each sequence. PSI-PRED consensus secondary structure prediction (pred.) is
shown in the last line (h, a-helix; e, B-strand). Alignment columns are colored according to conserved residue type as follows: mainly hydrophobic positions are
highlighted yellow and mainly hydrophilic positions are highlighted gray. Positions invariant in this set of sequences are white on black. Positively charged
amino acids at positions with high content of positive charges are shown in red. Residue numbers are indicated to the right and to the left of each sequence, and
removed segments are accounted for with the number of omitted residues in brackets. The number in boldface at the end of each line is sequence length.
Abbreviations used are as follows: C. glabrata, Candida glabrata strain 138; Trichoplax, Trichoplax adherens; D. mingstr, Drosophila melanogaster; human, Homo
sapiens; TM, transmembrane domain; CR, conserved region. B, comparison of selected Spo7p homologs showing the placement of transmembrane domains

(TM1 and TM2) and conserved regions (CR) along their lengths. aa, amino acids.

dicted to have 259, 288, and 433 amino acids, respectively; the
protein in the fission yeast S. pombe was predicted to have 180
amino acids, which corresponded more closely to the length of
the animal proteins, 123-141 amino acids (excluding the
Trichoplax sequence of 105 amino acids). The difference in
length between budding yeast and animal forms is a longer
N-terminal extension, an additional internal region between
CR2 and CR3, and an extended C terminus compared with the
animal homologs.

NEPI-R1 (TMEM188) in Combination with CTDNEPI1 Can
Rescue the spo7AnemIA Lipid Phenotype in Yeast—To deter-
mine whether human TMEM188, which we rename nuclear
envelope phosphatase 1-regulatory subunit 1 (NEP1-R1), is a
Spo7p ortholog, we first tested whether it could replace Spo7p
in a spo7A strain. spo7A cells have an elongated and often
stacked perinuclear endoplasmic reticulum resulting in aber-
rant nuclear shape (21, 29). This is, at least in part, a result of
sequestering the phospholipid synthesis repressor Opilp by its
binding to excess phosphatidate in membranes lowering its
nuclear concentration (11). In addition, we have recently shown
that the BODIPY 493/503, a neutral lipid dye that usually is
specific for lipid droplets (49), stains the nuclear envelope in the
spo7A strain (50). The strain also has fewer lipid droplets, pre-
sumably a result of lower DAG levels because Pahlp is not
activated (28); however, besides being a precursor for TAG,
DAG itself plays a role in droplet formation (50, 51).

Expression in spo7A cells of human NEP1-R1, driven by the
PGK1 promoter on a low copy plasmid, did not reverse the
BODIPY staining of perinuclear rings or increase the number of
lipid droplets (Fig. 2). Expression of CTDNEP1 alone resulted
in a small decrease in nuclear ring staining with BODIPY but no
significant increase in droplet number. However, when both
human CTDNEP1 and NEP1-R1 were co-expressed in the
spo7A strain, droplet numbers were greatly increased, and
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BODIPY staining of the ER was eliminated (Fig. 2). Our inter-
pretation is that NEP1-R1 increased the effectiveness of CTD-
NEP1 to dephosphorylate Pahlp. These data also suggest that,
although NEP1-R1 is conserved between fungi and mammals,
the mammalian form interacts more effectively with the mam-
malian Nem1p ortholog, CTDNEP1 than the yeast form.

We next tested whether CTDNEP1 in combination with
NEP1-R1 can functionally complement the nemi1Aspo7A dou-
ble deletion strain. The nem1Aspo7A cells had a similar pheno-
type to spo7A as follows: proliferated ER that stained with
BODIPY, fewer lipid droplets, and low TAG levels (Fig. 3).
Unlike the case for spo7A cells, where CTDNEP1 had no activ-
ity (Fig. 2), CTDNEP1 partially complemented the double dele-
tion mutant to increase droplet number and lower BODIPY
staining of membranes. The difference could reflect titration of
factors (such as Pah1p) by Nem1p in spo7A cells. The presence
of both human proteins together in the double deletion mutant
resulted in virtually complete loss of BODIPY membrane stain-
ing, in a droplet number comparable with wild type, and in a
nearly normal level of TAG; neither human protein alone was
able to raise TAG levels (Fig. 3, C and D). This complementa-
tion was dependent on active CTDNEP1 phosphatase, because
a CTDNEP1 inactive mutant, D67N (32), could not substitute
for wild type in lowering BODIPY staining intensity of ER rings
or increasing droplet number or TAG level (Fig. 3).

It is not clear why CTDNEP1 alone increased droplet number
but had no effect on TAG levels, but it may point to the dual roles
of DAG in droplet formation and TAG synthesis (50). The former
effect may be more sensitive to small changes in DAG concentra-
tion. Regardless, these results indicate that human CTDNEP1 and
NEP1-R1 can functionally replace the Nem1p-Spo7 complex in
yeast with respect to droplet number and lipids.

Although CTDNEP1 and NEP1-R1 complemented the low
droplet and low TAG phenotype of the nemIAspo7A strain,
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FIGURE 2. NEP1-R1 requires CTDNEP1 for complementing spo7A phenotype. spo7A cells were transformed with empty vector or vector containing open
reading frames for SPO7, NEP1-R1, CTDNEP1, or NEP1-R1 plus CTDNEP1, all under the PGKT promoter. A, cells were stained with BODIPY 493/503 (top panels) and
bright field images shown below. B, quantification of lipid droplet number. At least 100 cells from each strain are shown. Vertical sides of boxes in this
box-and-whisker graph represent the 25 and 75% range of distributions of droplets per cell; the bar is median. Vertical lines represent 5-95% of distribution.
Asterisks signify p < 0.01 compared with spo7A with empty vector. Data were collected from at least two independent experiments.

NEP1-R1 or the two human proteins in combination could not
rescue the sporulation defect of spo7A (52), indicating a yeast-
specific function for SPO7 (data not shown). There was partial
complementation of the ER proliferation seen in the double
deletion mutant (data not shown) (21).

NEPI-RI Stabilizes and Physically Interacts with CTDNEP1
in Yeast—Nem1p and Spo7p form a complex in the ER (29). To
test whether human CTDNEP1 and NEP1-R1 can physically
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interact in yeast, we generated FLAG-tagged CTDNEP1 and
hemagglutinin (HA)-protein A-tagged NEP1-R1. Both proteins
could be visualized on immunoblots, but the level of FLAG-
tagged CTDNEP1 was low when expressed alone (Fig. 44). In
combination with NEP1-R1, however, the steady-state level of
CTDNEP1 was increased 6-fold (average from three experi-
ments), suggesting that NEP1-R1 stabilizes CTDNEP1. To
determine whether the human proteins can physically interact
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FIGURE 3. NEP1-R1 and CTPNEP1 in combination complement nem17Aspo7A phenotypes. nem1Aspo7A cells were transformed with empty vector or
vector expressing NEP1-R1-HA-ProtA, CTDNEP1-2XFLAG, both, or both but with inactive CTDNEP1 (D67N). A, cells grown to late log in SD medium were
stained with BODIPY. Bright field images are shown below. The asterisks signify that tagged versions were used, as just described, in A and B; the tags were
omitted from the labels because they were not used for detection. B, quantification of lipid droplets. Vertical sides of boxes in this box-and-whisker graph
represent the 25 and 75% range of distributions of droplets per cell; the bar is median. Vertical lines represent 5-95% of distribution. Brackets above represent
significant differences (p = 0.01) according to one-way analysis of variance. Data were collected from at least two independent experiments. C, total lipids were
extracted from each strain and subjected to thin layer chromatography to separate neutral lipids in this representative experiment. SE, steryl ester; FFA, free

fatty acid. D, quantification of triacylglycerol from TLC analysis (mean = S.E. from three experiments).

in yeast, we tested for co-precipitation of CTDNEP1 with
NEP1-R1 from cell extracts. About 45% (average from two
experiments) of CTDNEP1 could be co-immunoprecipitated
with NEP1-R1, although none was precipitated in the absence
of NEP1-R1 (Fig. 4B). This experiment indicates that, at least
when expressed in yeast, NEP1-R1 is in a complex with CTD-
NEP1, as is the case for Spo7p and Nem1p.

Knockdown of NEP1-R1 and CTDNEP1 Share a Similar Phe-
notype in C. elegans—It has been demonstrated previously that
the deficiency of the C. elegans lipin ortholog, LPIN-1, leads to
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impaired embryonic development associated with abnormal
nuclear dynamics (30, 31). We hypothesized that if CTDNEP1
and NEP1-R1 have conserved roles in activation of LPIN-1 in C.
elegans, their depletion might produce a similar phenotype.
Following fertilization of C. elegans embryos, the expanded
maternal and paternal pronuclei meet, nuclear membranes dis-
assemble, and the maternal and paternal haploid genomes are
mixed. After chromosome segregation, a single nuclear enve-
lope forms around the chromatin in each daughter cell (Fig. 5A4)
(53). In embryos depleted of LPIN-1, two nuclei are formed in
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FIGURE 4. NEP1-R1 interacts with CTDNEP1. A, NEP1-R1 stabilizes CTD-
NEP1. nem1Aspo7A cells were transformed with NEP1-R1-HA-ProtA,
CTDNEP1-2XFLAG, or both. Extracts from triplicate cultures were sub-
jected to SDS-PAGE and immunoblotting. NEP1-R1 and CTPNEP1 were
detected by anti-HA and anti-FLAG antibody, respectively. B, CTDNEP1 is
co-immunoprecipitated with NEP1-R1. Cell lysates from cells expressing
NEP1-R1-HA-ProtA, CTDNEP1-2XFLAG, or both were immunoprecipi-
tated (IP) with IgG-Sepharose beads and analyzed by immunoblot, in
which NEP1-R1 and CTPNEP1 were probed by anti-HA and anti-FLAG anti-
body, respectively. T, total lysate; UB, unbound; B, bound fraction to IgG-
Sepharose beads. Asterisk indicates weak interacting product of protein A
and anti-FLAG antibody.
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each daughter cell, rather than a single nucleus per cell (30, 31).
The “twinned nuclei” phenotype was also observed when either
C. elegans CTDNEP1 (scpl-2) or NEP1-R1 (T19A6.3) was
depleted (Fig. 5, Band C). Despite extensive functional genomic
analyses of phenotypes in the first C. elegans embryonic divi-
sion (54), few genes have been reported to result in twinned
nuclei suggesting that CTDNEP1°#*2, NEP1-R17794¢3  and
lipin” are in the same pathway and that these proteins are
functionally conserved in C. elegans.

Expression of CIDNEPI and NEPI-R1 Parallels That of
lipin-1 in Human and Mouse Tissues—]If lipin-1, CTDNEP1,
and NEP1-R1 function in the same pathway, they should have
similar tissue expression patterns. We compared mRNA
expression patterns for lipin-1 and the two membrane phos-
phatase complex proteins in both mouse and human tissue
panels. In agreement with previous studies (15), lipin-1 is
expressed most prominently in skeletal muscle in the human
(Fig. 6A) and mouse (Fig. 6B, black bars), with lower levels in
other metabolic tissues such as fat, heart, and liver. Consistent
with arole in the regulation of lipin-1 dephosphorylation, there
was a striking concordance among expression of lipin-1, NEP1-
R1, and CTDNEPI, with very high levels in skeletal muscle and
lower levels in other metabolic tissues (Fig. 6). Interestingly, in
the fatty liver dystrophy fld mouse model, which carries a null
mutation in Lpin1, both NEP1-R1 and CTDNEP1 mRNA levels
in muscle and fat were reduced compared with wild-type mice
(Fig. 6B, gray bars). These results suggest that there is coordi-
nate regulation between lipin-1 and the two phosphatase
components. The expression patterns of mRNAs encoding
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FIGURE 5. C. elegans NEP1-R1 knockdown in C. elegans embryos results in twinned nuclei similar to depletion of C. elegans CTDNEP1 and lipin. A,
diagram highlighting the dynamics of the oocyte- and sperm-derived pronuclear envelopes (green) and chromosomes (55) during the first division of the C.
elegans embryo. B, spinning disk confocal optics were used to obtain four-dimensional images of embryos expressing mCherry-histone in control and the
indicated RNAi knockdown strains. Representative central z-sections 380 s after anaphase onset are shown. C, extent of “twinning” of nuclei in the various

strains; n, number of embryos separately subjected to time-lapse imaging.
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FIGURE 6. Expression of lipin-1 and its activators in human and mouse tissues. A, quantitative PCR analysis of pooled human tissue samples shows
coordinate mRNA expression patterns for the proteins human lipin-1, NEP1-R1, and CTDNEP1. Lipin-2 mRNA exhibits a distinct expression pattern. B, both
CTDNEP1 and NEP1-R1 expressions are reduced in muscle and adipose tissue from the fld mouse. Coordinate expression of mRNA for lipin-1, NEP1-R1, and
CTDNEP1 in tissues from wild-type mice (black bars). In Lpin1-deficient fld mice, lipin-1 mRNA expression is undetectable (N.D.), and levels of NEP1-R1
and CTDNEP1 mRNA in muscle and gonadal fat (Gon Fat) are significantly reduced. Values represent the mean = S.D. for tissues from three mice. *, p < 0.05 in

wild type versus fld.

NEP1-R1 and CTDNEPI are consistent with a critical function
in muscle, where lipin-1 deficiency results in severe muscle dis-
ease (55, 56). This pattern was distinct from that of lipin-2 (Fig.
6A), another member of the phosphatidate phosphatase family,
which causes a nonmuscle-related syndrome when mutated in
humans (57).

Skeletal muscle from lipin-1-deficient fld mice exhibits
altered expression levels for key genes that are important for
muscle function (data not shown). These include elevated levels
of dystrophin and reduced levels of Serca2, a sarcoplasmic pro-
tein involved in regulation of calcium levels. We could replicate
the pattern of gene expression observed in fld muscle by knock-
down of lipin-1 in C2C12 myocytes (Fig. 7). Consistent with a
role for NEP1-R1 in lipin-1 function, knockdown of NEP1-R1
also resulted in elevated dystrophin and reduced Serca2 levels.
Interestingly, lipin-1 knockdown led to reduced NEP1-R1
expression, although NEP1-R1 knockdown did not influence
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lipin-1 levels. These results indicate that expression of lipin-1,
CTDNEP], and NEP1-R1 is closely linked in mammals.

CTDNEP1 and NEPI-R1 Form a Complex in Human Cells—
Although we showed that CTDNEP1 and NEP1-R1 can interact
in yeast cells, the more physiological milieu is within human
cells. Therefore, we expressed both proteins in HEK293 cells.
CTDNEP1 tagged with V5His was visible on immunoblots
when expressed alone, but expression was increased severalfold
when co-expressed with NEP1-R1 (Fig. 84), similar to our find-
ings in yeast (Fig. 44). To examine this more carefully, we trans-
fected cells with increasing amounts of NEP1-R1 in the pres-
ence of a constant amount of CTDNEP1. Levels of expressed
phosphatase increased in proportion to expression of NEP1-R1
(Fig. 8B). Thus, CTDNEP1 is stabilized by NEP1-R1 both in
yeast and human cells.

To determine whether these two proteins physically interact
in HEK293 cells, we tested for co-precipitation of FLAG-tagged
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FIGURE 7. Knockdown of NEP1-R1 and lipin-1 in C2C12 cells has similar effects on expression of dystrophin and Serca2. Top row, gene expression
changes in muscle from lipin-1-deficient fld mice. Lack of lipin-1 in muscle leads to enhanced expression of dystrophin and reduced expression of Serca2.
Middle row, knockdown of lipin-1 expression in C2C12 myocytes using a lipin-1-specific antisense oligonucleotide (ASO) recapitulates the effects on dystrophin
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sample.

CTDNEP1 with HA-Protein A-tagged NEP1-R1. Most of the
phosphatase could be pulled down with NEP1-R1, indicating
that the two proteins interact within human cells (Fig. 8C).

CTDNEPI Requires NEP1-RI to Dephosphorylate Lipins-1
and -2—CTDNEP1 was originally identified as the Nemlp
ortholog and activator of lipin-1 by demonstrating that expres-
sion in BHK cells led to dephosphorylation of lipin-1b, a splice
variant of lipin-1. However, this activity was absent in HeLa and
HEK293T cells, suggesting that an Spo7p ortholog was missing
in these lines (32). To test whether NEP1-R1 can function as the
missing partner, HEK293 cells expressing mouse HA-lipin-1b
were transfected with CTDNEP1-V5His and NEP1-R1-FLAG,
or the two in combination (Fig. 94). As shown previously, CTD-
NEP1 was not sufficient for lipin-1b dephosphorylation. How-
ever, in combination with NEP1-R1, most of the lipin-1
migrated faster on an SDS gel, suggesting that it was dephos-
phorylated (Fig. 9A4). This was confirmed after immunoprecipi-
tation of lipin-1b and treatment with A phosphatase, which
increased lipin-1b gel migration to the same extent (Fig. 9B).
Thus, NEP1-R1 can act as a partner to CTDNEP1 in dephos-
phorylating lipin-1b in HEK293 cells.

To determine whether dephosphorylation is specific to lipin-
1b, we substituted lipin-1la and lipin-2 in this assay. Neither
lipin species was dephosphorylated by CTDNEP1 alone but

3132 JOURNAL OF BIOLOGICAL CHEMISTRY

could be dephosphorylated if both CTDNEP1 and NEP1-R1
were present (Fig. 9C). Thus, the human phosphatase complex
is capable of dephosphorylating at least these three lipins. We
could not show a reproducible band shift with lipin-3 (data not
shown). Whether this reaction occurs with equal efficiency
with the endogenously expressed proteins must await future
experiments.

Lipin-1b Accumulates in the Nucleus When CTDNEPI and
NEPIRI Are Expressed—It has been shown recently that the
mammalian target of rapamycin kinase affects the localization
of lipin-1 between the cytoplasm and nucleus (58). To deter-
mine whether the mammalian lipin phosphatase complex can
also control localization of lipin-1, we co-expressed these pro-
teins in human cells. We first confirmed co-localization of
tagged CTDNEP1 and NEP1-R1. As expected from the co-im-
munoprecipitation results (Fig. 8C), CTDNEP1 and NEP1-R1
co-localized in cells, both appearing in a filamentous pattern in
the cytoplasm, a perinuclear accumulation (arrows), and along
the nuclear rim (Fig. 104). Next, we determined the extent of
nuclear localization of HA-tagged lipin-1b in the absence and
presence of CTDNEP1 or NEP1-R1. Lipin-1b, when expressed
alone, showed diffuse localization in cells (Fig. 10B), predomi-
nantly in the cytoplasm (Fig. 10C). Although expression of
CTDNEP1 alone did not affect the nuclear localization of
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FIGURE 8. NEP1-R1 binds to and stabilizes CTDNEP1 in human cells. A,
immunoblot of whole cell lysates of HEK293 cells transfected with 6 ug of
CTDNEP1-V5His DNA and either 6 ug of empty vector or NEP1-R1-FLAG DNA.
CTDNEP1 is stabilized in the presence of NEP1-R1 (anti-V5). Blot was stripped
and reprobed with anti-tubulin as loading control. *, nonspecific cross-react-
ing band. B,immunoblot of whole cell lysates of HEK293 cells transfected with
6 g of CTDNEP1 and increasing amounts of NEP1-R1 DNA as shown with
total transfected DNA kept constant at 12 ug by transfecting with empty
vector. C, CTDNEP1 is co-immunoprecipitated with NEP1-R1. HEK293 cell
lysates expressing empty vector, NEP1-R1-HA-ProtA DNA, CTDNEP1-
2XFLAG DNA, or both were immunoprecipitated (IP) with IgG-Sepharose
beads and analyzed by immunoblot with HA or FLAG antibodies, as shown. T,
total lysate; UB, unbound fraction; B, IgG-Sepharose-bound fraction. Equiva-
lent amounts of all fractions are shown.

lipin-1b as compared with control, expression of NEP1-R1
alone resulted in a slight increase in nuclear lipin, possibly due
to its ability to function with endogenous CTDNEP]1 (Fig. 10, B
and C). When both CTDNEP1 and NEP1-R1 were expressed,
some focal co-localization of lipin-1b at the nuclear rim with
NEP1-R1 was apparent in 25% (n = 123 cells) of HEK293 cells
(arrowheads) but not in HeLa cells (Fig. 10, B and C; data not
shown). Lipin also tended to accumulate in the perinuclear
region (arrows) with NEP1-R1 (Fig. 10B). Importantly, the frac-
tion of lipin within the nucleus increased significantly in both
cell types (Fig. 10C and data not shown). Thus, the combination
of CTDNEP1 and NEP1-R1 can change the phosphorylation
status of lipin-1b and affect its localization, and likely function,
in human cells.

DISCUSSION

We have found the metazoan ortholog for the lipin-1/Pah1p
coactivator Spo7p, TMEM188, here renamed NEP1-R1. Addi-
tion of CTDNEP1 and NEP1-R1 to nemIAspo7A cells is able to
rescue the neutral lipid synthesis defect in yeast. NEP1-R1 sta-
bilizes and forms a physical complex with CTDNEP1. The
expression patterns of NEP1-R1 are nearly identical to CTD-
NEP1 and lipin-1 in mouse and human tissues. Human
CTDNEPI-NEP1-R1 is able to dephosphorylate lipin-1 in
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FIGURE 9. CTDNEP1 requires NEP1-R1 to dephosphorylate lipins. A,
HEK293 cells were transfected with DNA for HA-lipin-1b, CTDNEP1-V5His, and
NEP1-R1-FLAG, and the electrophoretic mobility of HA-lipin-1b was assessed
by SDS-PAGE, followed by immunoblot (IB) for HA-lipin-1b. An increased elec-
trophoretic mobility of HA-lipin-1b is only seen in the presence of both CTD-
NEP1 and NEP1-R1. B, total cell lysates expressing HA-lipin-1b orimmunopre-
cipitated (/P) HA-lipin-1b were treated with A phosphatase in the presence of
both CTDNEP1 and NEP1-R1 or either construct alone showing that the
increased electrophoretic mobility was due to dephosphorylation. C, CTD-
NEP1 can dephosphorylate lipin-1a and lipin-2 in the presence of the NEP1-
R1. Total cell lysate expressing lipin-1a or lipin-1b-V5 in the presence of
CTDNEP1-2XFLAG alone or in combination with NEP1-R1-HA-ProtA + A
phosphatase were analyzed by immunoblot against V5.

+

+ 4+

HEK?293 cells in a manner similar to the function of the Nem1p-
Spo7p complex acting on Pahlp in yeast. The conservation of
structure and function between yeast and metazoans is
depicted in Fig. 11.

What exactly is Spo7p/NEP1-R1 doing in facilitating the
action of Nem1p/CTDNEP1? In some contexts the phospha-
tase subunit appears to function alone; in vitro, a soluble form of
human CTDNEP1 expressed in bacteria can dephosphorylate
synthetic peptides corresponding to sequences within lipin-1;
the authors postulated that there was no need for a Spo7p-like
adapter protein (34). In vivo, CTDNEP1 can complement the
nemIA strain in yeast, and the human protein when expressed
in BHK cells can dephosphorylate lipin-1 (32). However, the
contribution of the endogenous Spo7p/NEP1-R1 to CTDNEP1
activity was unknown in this study. Neither Nem1p nor CTD-
NEP1 in vitro can by itself dephosphorylate Pahlp or lipin-1,
respectively (21, 32), suggesting an essential contribution of
endogenous binding partners in vivo. We observe that CTDNEP1
expressed from the strong PGKI promoter in nemIAspo7A cells
can moderately increase lipid droplet number and decrease
nuclear envelope proliferation (Fig. 3 and data not shown), sug-
gesting that a partner is not absolutely required for lipin-1
dephosphorylation.

Our data show that protein concentration of CTDNEP1 is
much higher when co-expressed with NEP1-R1 both in yeast
and mammalian cells. Because the corresponding yeast pro-
teins stably associate in a 1:1 molar ratio (29), it is reasonable to
hypothesize that the human proteins associate similarly and
that CTDNEP1 is stabilized by NEP1-R1. It remains to be seen
whether CTDNEP1 alone is degraded at a faster rate than when
associated with its binding partner, accounting for the contrast
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A NEP1-R1-HA-ProtA CTDNEP1-FLAG

HA-Lipin-1b
NEP1-R1-FLAG
CTDNEP1-V5-His

B HA-Lipin-1b
NEP1-R1-FLAG

HA-Lipin-1b
HA-Lipin-1b CTDNEP1-V5-His

HA

Fraction Nuclear
HA-Lipin-1b
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Total cell fluorescence
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FIGURE 10. Lipin-1b accumulates in the nucleus when co-expressed with NEP1-R1 and CTDNEP1. A, co-localization of tagged CTDNEP1 with NEP1-R1 by
immunostaining. Hela cells were transfected with plasmids encoding NEP1-R1-HA-ProtA and CTDNEP1-2XFLAG. Antibodies against HA and FLAG were used
to localize the corresponding proteins. Proteins show co-localization at the nuclear rim, perinuclear accumulation (arrows), and a filamentous pattern in the
cytoplasm that is likely the ER. B, immunostaining in HEK293 cells of HA-lipin-1b (HA) when expressed alone (7st column), with CTDNEP1-V5His (2nd column),
NEP1-R1-FLAG (3rd column), and a combination of CTDNEP1-V5His and NEP1-R1-FLAG (4th column). Note that HA-lipin-1b is mostly diffuse with a slight nuclear
accumulation when co-expressed with NEP1-R1 and a significant nuclear and perinuclear (arrows) accumulation when co-expressed with both CTDNEP1 and
NEP1-R1. Arrowheads show foci of HA-lipin-1b that co-localize with NEP1-R1-FLAG at the nuclear rim. C, quantification of the nuclear fraction of HA-lipin-1b in
individual HEK293 cells co-stained with HA and FLAG in the four conditions in B is shown. The nuclear fraction of lipin-1b is not significantly different when
expressed alone or with CTDNEP1-V5His (mean = S.E., 95% confidence interval is 0.35 = 0.02 and 0.36 =+ 0.03, respectively). To be certain that the nuclear
fraction of lipin-1b in co-transfected cells was measured, measurements were also made in cells co-expressing HA-lipin-1b with CTDNEP1-2XFLAG. A similar
nuclear fraction of HA-lipin-1b (0.31 = 0.03; n = 29) was found in these cells (data not shown). The HA-lipin-1b nuclear fraction increased to 0.42 + 0.03 in the
presence of NEP1-R1and 0.59 * 0.03 when both NEP1-R1and CTDNEP1 are expressed (p < 0.001 by Student’s t test compared with cells expressing HA-lipin-1b
alone).
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FIGURE 11. Conservation of function in Pah1p/lipin-1 activation among
yeast, nematodes, and mammals. The proteins and their functions are com-
pared between yeast and metazoan systems. Spo7p/NEP1-R1 is likely to sta-
bilize the Nem1p/CTDNEP1 phosphatase. Spo7p/NEP1-R1 may also influence
assembly of the complex or specificity for substrates. The gray shape indicates
that there may be other unknown substrates for the phosphatase complex.

in expression levels. NEP1-R1 could also influence the initial
interaction of CTDNEP1 with the ER membrane. Full-length
yeast Nem1p can assemble into membranes without Spo7p, but
deletions in Nem1p confer Spo7p dependence for membrane
association (29), suggesting that NEP1-R1 might recruit CTD-
NEP1 to the membrane. However, human CTDNEP1 is pre-
dicted (with 91% probability) to have an N-terminal signal
sequence, so it is likely to insert into the ER through the classical
Sec61 channel independent of NEP1-R1. Whether NEP1-R1
has other effects, such as to increase the affinity of CTDNEP1
for lipin-1, the specificity of CTDNEP1 for lipin-1, or whether
the complex can dephosphorylate other substrates, is unknown
(Fig. 11).

Unlike the yeast proteins, human CTDNEP1 and NEP1-R1 in
combination were not able to reverse the sporulation defect,
suggesting that the requirement of Spo7p for sporulation may
extend beyond the role of activating Pahlp. This function may
reside in the large regions of yeast Spo7p not found in the mam-
malian proteins (Fig. 14). However, the Spo7p homolog in the
fission yeast S. pombe, which sporulates, does not have the large
inserts of the budding yeast homologs, although it has not yet
been shown that the S. pombe SPO7 is required for sporulation.

In the worm, the knockdown of NEP1-R17/%4%3 or
CTDNEP1*?*2 phenocopies the knockdown of lpin-1, causing
the appearance of twinned nuclei in the second embryonic divi-
sion. This study suggests that these three proteins work in the
same pathway. Similar to the nuclear envelope expansion phe-
notype in yeast, reducing NEP1-R17794¢3 or CTDNEP1°%"?
levels results in a less severe nuclear phenotype than depleting
lipin”"* itself suggesting that, as in yeast, dephosphorylation
of lipin by the complex is only partially responsible for deter-
mining the activity of lipin-1. However, we cannot exclude the
possibility of different knockdown efficiencies. Unlike fungi, in
metazoans a filamentous lamin network underlies the nuclear
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envelope, and it has been shown that LPIN-1 functions in lamin
disassembly (31), although the precise mechanism is not
known.

Lipin-1 in mammals is most highly expressed in skeletal mus-
cle, and we find that this is also true for CTDNEP1 and NEP1-
R1. These proteins have virtually identical expression profiles
in human and mouse tissues, both are down-regulated in the fld
mouse, and the knockdown of either results in similar changes
in expression of the dystrophin and SERCAI genes in muscle,
strongly suggesting they work in unison. The importance of
lipin-1 for normal muscle function is evident by the occurrence
of severe myopathy in patients lacking lipin-1 function (55, 56).
Because muscles have a high respiratory demand, it is tempting
to speculate that lipin-1, activated by the CTDNEP1-NEP1-R1
complex, is involved in mitochondrial homeostasis; for exam-
ple, phosphatidate is the precursor of cardiolipin, the major
phospholipid in mitochondria (59 —61). The DAG produced by
lipin-1 may be used in mitochondrial phospholipid biosynthe-
sis and provided through ER-mitochondrial junctions (62). The
respiratory defect seen in deletions of SPO7 or PAH1 in yeast
(46, 63) is consistent with a mitochondrial connection to these
proteins. Whether the action of Pah1p on normal mitochondria
is mediated at ER-mitochondrial junctions by direct binding of
Pahlp to mitochondria or by a more indirect mechanism is
unknown.

In a previous study, CTDNEP1 alone was able to dephospho-
rylate lipin-1b in BHK cells but unable in HEK293A or HeLa
cells (32). Although the most likely explanation is that the
incompetent cells lacked NEP1-R1, we find that mRNA levels
for this protein are similar in all three lines (data not shown). At
this time, we do not know if the corresponding NEP1-R1 pro-
tein levels are similar (we lack an antibody against the endoge-
nous protein). Therefore, we do not know whether protein lev-
els are very different in the lines, whether NEP1-R1 undergoes a
critical modification essential for its function only in BHK cells,
or whether an unknown factor in BHK is responsible for its
phosphatase activity. We also do not know the physiological
significance of the ability of overexpressed CTDNEP1-
NEP1-R1 to dephosphorylate lipin-2. Although we have shown
that this can happen, there is relatively little mRNA of either
protein in liver cells, the main source of lipin-2 (Fig. 6). There
may be related but yet unknown paralogs in this tissue that act
upon lipin-2.

The accumulation of mouse lipin-1b to the nucleus in the
presence of the phosphatase complex in HEK293 (Fig. 10) and
HeLa cells (data not shown) is intriguing given recent work
showing that mTORCI can negatively control nuclear accumu-
lation of lipin through phosphorylation and that mutation of 17
of the phosphorylation sites in lipin results in its constitutive
accumulation in the nucleus (58). The likely possibility is that
the phosphatase complex can positively regulate this process by
directing lipin toward the nucleus. Further work with endoge-
nous proteins will be necessary to determine the conditions
under which the phosphatase complex is necessary to regulate
lipin phosphorylation status and localization.

Although we report here that NEP1-R1 is an essential com-
ponent of the CTDNEP1 complex, two other important ques-
tions of specificity remain. Although the complex can dephos-
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phorylate more than one lipin, is this broad specificity
physiological? Moreover, considering other signaling cascades,
are lipins the only substrates for CTDNEP1-NEP1-R1? We shall
attempt to probe for other substrates of this fascinating
complex.
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