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Background: SREBP-1 plays a critical role in maintaining lipid homeostasis by activating lipogenic gene transcription.
Results: LSD1 is required for SREBP1-mediated gene expression through multiple mechanisms in mammalian cells.

Conclusion: LSD1 is a novel regulator of lipid metabolism.

Significance: LSD1 is a potential target for treating diseases with aberrant lipid homeostasis.

Dysregulation of lipid homeostasis is a common feature of
several major human diseases, including type 2 diabetes and car-
diovascular disease. However, because of the complex nature of
lipid metabolism, the regulatory mechanisms remain poorly
defined at the molecular level. As the key transcriptional activa-
tors of lipogenic genes, such as fatty acid synthase (FAS), sterol
regulatory element-binding proteins (SREBPs) play a pivotal
role in stimulating lipid biosynthesis. Several studies have
shown that SREBPs are regulated by the NAD*-dependent his-
tone deacetylase SIRT1, which forms a complex with the lysine-
specific histone demethylase LSD1. Here, we show that LSD1
plays a role in regulating SREBP1-mediated gene expression.
Multiple lines of evidence suggest that LSD1 is required for
SREBP1-dependent activation of the FAS promoter in mamma-
lian cells. LSD1 knockdown decreases SREBP-1a at the tran-
scription level. Although LSD1 affects nuclear SREBP-1 abun-
dance indirectly through SIRT]1, it is also required for SREBP1
binding to the FAS promoter. As a result, LSD1 knockdown
decreases triglyceride levels in hepatocytes. Taken together,
these results show that LSD1 plays a role in regulating lipogenic
gene expression, suggesting LSD1 as a potential target for treat-
ing dysregulation of lipid metabolism.

Among the known regulators of lipid metabolism, SREBPs”
are conserved transcription factors in maintaining lipid homeo-
stasis (1, 2). In invertebrates, such as Caenorhabditis elegans
and Drosophila, there is only one SREBP transcription factor
that critically controls fatty acid biosynthesis, whereas in mam-
mals there are three SREBP isoforms (SREBP-1a, -1¢, and -2)
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encoded by two different genes, SREBFI and SREBF2 (3). Two
distinct promoters generate SREBP-1a and -1c isoforms from
the SREBF1 gene with several amino acids longer at the N ter-
minus of SREBP-1a proteins (3). SREBP-1a is expressed at a
higher level in comparison with SREBP-1c in proliferating cells,
such as cancer cells, but SREBP-1c is the predominant form of
the SREBF1I gene in vivo, particularly in hepatocytes (4). Inter-
estingly, a recent study has shown that SREBP-1a is also highly
expressed in macrophages (5). All SREBPs are synthesized as inac-
tive precursors that are tethered to the endoplasmic reticulum
membrane (6). For SREBP-2, reduction of intracellular sterols
induces the precursor transportation to the Golgi apparatus,
where it is processed by proteolytic cleavage, and the resulting
N-terminal fragment of SREBP-2 is then translocated into the
nucleus and activates transcription of target genes as homodimers
(7). Similar to SREBP-2, the two SREBP-1 isoforms are also pro-
cessed in the Golgi apparatus to generate the mature/nuclear
SREBP-1 proteins (8,9). However, SREBP-1c is primarily activated
by insulin at several steps, including transcription, proteolytic
maturation from its precursor, and nuclear protein stability (3). In
addition, SREBP-1c and SREBP-2 target different genes.
SREBP-1c activates the expression of enzymes in the fatty acid
and triglyceride biosynthesis pathway, including fatty acid syn-
thase (FAS), whereas SREBP-2 preferentially stimulates the
expression of genes responsible for cholesterol biosynthesis
and uptake, including HMG-CoA reductase (HMGCR) and the
LDL receptor (LDLR) (2). In general, SREBP-1a can activate
both SREBP-1c and SREBP-2 target genes (10).

Although the proteolytic processing of SREBP precursors is a
key step of controlling SREBP activation, nuclear SREBP pro-
teins are further regulated (2, 3, 11). Like many other transcrip-
tion factors, the transcriptional activity of SREBPs can be stim-
ulated or repressed by transcriptional cofactors, including
CBP/p300 (12) and the Mediator complex (13, 14). In addition
to the maturation process of SREBP precursors, protein stabil-
ity also critically contributes to the control of nuclear SREBP
protein abundance. Phosphorylation of nuclear SREBPs within
a conserved domain facilitates the binding to the E3 ligase,
SCF™7" and thus controls their ubiquitination and subse-
quent proteasome-mediated degradation (15, 16). For SREBP-
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1c, phosphorylation at the conserved threonine 402 residue by
either GSK-3 (15) or CDKS (17) is key to promote its degra-
dation. Both kinases can be inactivated or down-regulated by
insulin (17, 18), consistent with the positive role for insulin on
nuclear SREBP-1c protein stability (15, 17).

In addition to phosphorylation, the stability of nuclear
SREBP proteins is also regulated by acetylation and deacetyla-
tion (3, 11). Interaction of SREBPs with CBP/p300 not only
results in acetylation of histone tails in the promoters of SREBP
target genes but also causes acetylation at the conserved lysine
residues of SREBPs (12). For human nuclear SREBP-14, acety-
lation at the lysine 324 and lysine 333 inhibits its ubiquitination
and degradation (12). It is known that the NAD™-dependent
histone deacetylase SIRT1 can not only remove acetyl groups
from histone tails but can also deacetylate several transcription
factors, including p53, FOXO, and NF-«B/p65 (19). Recently,
SIRT1 has been demonstrated as an important regulator of
SREBPs by deacetylation, thus promoting nuclear SREBP pro-
tein degradation and repression of SREBP target genes (20 —22).
Consistent with the inverse correlation of SREBP and SIRT1
levels in response to food intake (20, 23), during fasting SIRT1
or its orthologs down-regulate SREBPs in mouse (20, 22), Dro-
sophila (20),and C. elegans (20), thereby inhibiting lipid biosyn-
thesis. Moreover, genetic manipulation of SIRT1 levels in mice
results in altered triglyceride and cholesterol levels in serum
and liver (23-27). These studies show that SIRT1 inhibition of
SREBP target gene expression plays a conserved role in regulat-
ing lipid homeostasis.

A recent study has shown that SIRT1 can function in a pro-
tein complex with the lysine-specific histone demethylase-1
(LSD1, also known as KDM1A or AOF2) to regulate the Notch
signaling pathway in Drosophila (28). As the first histone de-
methylase discovered (29), LSD1 can catalyze the removal of
mono- or di-methyl, but not tri-methyl, groups from proteins
including histone H3K4 (29), H3K9 (30, 31), tumor suppressor
p53 (32), and DNA methyltransferase-1 (DNMT1) (33). Bio-
chemical studies have shown that LSD1 functions in multipro-
tein complexes containing CtBP1, CoREST, and HDAC1/2 (28,
34, 35). By repressing or activating gene expression, LSD1 plays
important roles in cell growth and differentiation (36). Because
SIRT1 regulates lipid metabolism, the newly discovered physi-
cal interaction between LSD1 and SIRT1 suggests a possible
role for LSD1 in lipid metabolism. In fact, it has been shown
that LSD1 is required for adipocyte differentiation (37, 38). In
this study, we show that LSD1 regulates SREBP1-mediated
lipogenic gene expression at multiple steps.

EXPERIMENTAL PROCEDURES

Materials—Anti-LSD1 (Invitrogen in Fig. 1A and Thermo
Scientific in other figures), anti-SIRT1 (Cell Signaling and Mil-
lipore), anti-SREBP1 (Santa Cruz), anti-FAS (Cell Signaling),
anti-Flag (Sigma), anti-HA (Covance), and anti-B-tubulin
(Invitrogen) antibodies were used. trans-2-Phenylcyclopropyl-
amine was purchased from Enzo Life Sciences.

Plasmids—All pGIPZ constructs expressing shRNA were
purchased from Thermo Scientific. The human FAS promoter
fragments were amplified from genomic DNA of HepG2 cells
by PCR and subcloned into HindIII and Kpnl sites of the pGL3
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vector, and the mutations in sterol response element sites were
introduced by PCR. Oligonucleotides containing 3xSRE from
the human FAS promoter were annealed and subcloned into
HindIII and Kpnl sites of the pGL3 vector to generate 3xSRE-
Luc. The luciferase constructs for the SREBP-1a, SREBP-Ic,
and the LDL receptor promoters were generous gifts as
described previously (39 —41). SREBP-1a, -1¢, and -2 transacti-
vation domains (TADs) in pcDNA3-HA-Gal4DBD were gener-
ated by subcloning the TADs from pGEX-2TN (14). To gener-
ate the shRNA-resistant LSDI1, six silent mutations were
introduced by PCR to replace the LSD1-shRNA (clone 2) targeting
sequence AGCTAGAAGAAAAACTTCA with AACTGGAGG-
AGAAGCTACA in pCMV-HA-LSD1 as described previously
(29). Using the shRNA-resistant LSD1 construct as the template,
additional mutation of A539E was introduced to generate the cat-
alytic inactive LSD1 (42).

Tissue Culture—HEK293 and HepG2 cells were cultured at
37°C and 5% CO, in high glucose and low glucose DMEM
(Sigma), respectively, supplemented with 100 pug/ml of penicil-
lin/streptomycin (Invitrogen), 5% FBS (Hyclone), and 2 mm
glutamine. Primary rat or mouse hepatocytes were isolated by
perfusion of a rat or mouse liver by Dr. David Neufeld (Marion
Bessin Liver Research Center at Albert Einstein College of
Medicine). The freshly isolated primary hepatocytes were cul-
tured as described previously (17).

Protein Extraction and Immunoblotting—Cells were lysed in
a buffer containing 50 mm Tris-HCI (pH 8.0), 420 mm NaCl, 0.1
mMm EDTA, 0.5% Nonidet P-40, 0.05% SDS, 10% Glycerol, 1 mm
dithiothreitol, 2.5 mm PMSF, 1 mMm benzamidine, 1 mg/liter
aprotinin, and 0.1 mm N-acetyl-leucyl-leucyl-norleucinal.
Supernatants were collected after centrifugation at 1.5 X 10*
rpm for 20 min at 4 °C. Protein concentrations of the lysates
were measured with a BCA kit (Pierce). Aliquots of the lysates
containing the same amount of total proteins were mixed with
5X SDS loading buffer. After briefly boiling, the proteins were
resolved by NuPAGE 4-12% Bis-Tris gels (Invitrogen) and
transferred to nitrocellulose or PVDF membranes with an iBlot
gel transfer kit (Invitrogen). The membranes were first blocked
with 5% nonfat milk in 1X TBST. After incubating with specific
primary antibodies with appropriate dilution for 2 h at room
temperature, the membranes were washed three times with 1X
TBST (10 min each) and then incubated with the HRP-conju-
gated secondary antibodies (1:10,000 dilution) for 1 h at room
temperature. After three washes with 1X TBST (10 min each),
the HRP signals were visualized with the SuperSignal West Pico
kit (Pierce) and exposure to x-ray films.

Transfection and Luciferase Reporter Assays—Transfection
of plasmids was performed using the transfection reagent of
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions. For luciferase reporter assays, plasmids of
firefly luciferase reporter and the control Renilla luciferase
were co-transfected into the cells. After overnight incubation,
cells were harvested, and luciferase activities of different treat-
ments were measured using the dual luciferase reporter assay
kit (Promega) according to the manufacturer’s instructions. In
luciferase reporter assays, the expression level of firefly lucifer-
ase was under the control of a test promoter in pGL3 vector,
and Renilla luciferase was constantly expressed driven by a
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TABLE 1
PCR primer information for human genes
Gene name Primer sequences
For qRT-PCR

FAS Forward  5'-AACTTGCAGGAGTTCTGGGAC
Reverse 5'-TTGGGGTGGACTCCGAAGA

SREBP-1a Forward 5'-GCTGCTGACCGACATCGAA
Reverse 5'-ATGTGGCAGGAGGTGGAGAC

SREBP-1c Forward  5'-GGAGCCATGGATTGCACTTT
Reverse 5'-ATGTGGCAGGAGGTGGAGAC

SREBP-2 Forward 5'-AGGCAGGCTTTGAAGACGAA
Reverse 5'-GTACATCGGAACAGGCGGAT

SIRT1 Forward 5'-GACTCCAAGGCCACGGATAG
Reverse 5'-TGTTCGAGGATCTGTGCCAA

Cyclophilin B Forward  5'-AACGCAACATGAAGGTGCTC
Reverse 5'-CAAGATCACCCGGCCTACA

LSD1 Forward 5'-GCCTGAAGAACCATCGGGGCA
Reverse 5'-AGTCGGCTCTGGAAAGCTGCG

For quantitative PCR of ChIP

FAS promoter Forward  5'-GTCCCCGGGAAGCTGCTAAG
Reverse 5'-CGGGGTTACTGCCGGTCATC

Luciferase for G4BE Forward  5'-CCACCATGGAAGACGCCAAA

Reverse 5'-AGGAACCAGGGCGTATCTCT

basal promoter, which is generally unaffected by various treat-
ments. The activity of firefly luciferase was normalized by the
corresponding activity of Renilla luciferase.

Lentivirus Preparation and Transduction—Lentivirus was
packaged using the TransLenti Viral GIPZ Packaging System
(Thermo Scientific). The day before transfection of pGIPZ plas-
mids, HEK293T cells were plated at a density of 5.5 X 10° cells
per 100-mm dish. For each dish, 9 ug of pGIPZ and 28.5 ug of
viral packaging mix were co-transfected into HEK293T cells by
Arrest-In transfection reagent. Six hours after transfection, cul-
ture medium was replaced with regular DMEM. Transfection
efficiency was then examined 2 days post-transfection by the
percentage of GFP-positive cells. Culture medium was col-
lected at day 3 and centrifuged at 3,000 rpm for 20 min at 4 °C.
The virus-containing supernatant was kept at —80 °C in ali-
quots. For lentiviral transduction, the cells were seeded into
6-well plates with a density of ~70% confluent, and the next day
100 pl of virus-containing medium was added into the regular
culture medium. After overnight culture, cells were replated
into 100-mm dishes and selected with puromycin until all cells
were GFP-positive.

Quantitative RT-PCR (qRT-PCR)—Total RNA was extracted
from cultured cells with the TRIzol reagent (Invitrogen) and
quantified with an Agilent 2100 Bioanalyzer. After destroying
genomic DNA with RQ1 RNase-free DNase I (Promega), cDNA
was synthesized from 2 ug of RNA by a first strand cDNA syn-
thesis kit (GE Healthcare). The resulting cDNA was then
diluted for 10 times. Each real time PCR reaction mixture con-
tained 10 wl of Fast-start Universal SYBR Green Master mix
(Roche), 1 ul of primers (250 nm each), and 9 ul of diluted
cDNA. Real time PCR was performed using StepOnePlus™
real time PCR System (Applied Biosystems). The cycling
parameters consisted of 95 °C incubation for 10 min for enzyme
activation and DNA denaturation, followed by 40 amplification
cycles consisting of 95 °C for 15 s and 60 °C for 1 min. Data
analysis was performed by the Software provided by StepOne-
Plus™ Real time PCR System (Applied Biosystems). Cyclophi-
lin B was used as the invariant control. The sequences of PCR
primers for human genes are listed in Table 1, and other prim-
ers were described previously (17).
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Chromatin Immunoprecipitation Assay—For ChIP analysis,
HA-nSREBPla was co-transfected with the control system
(HAG4DBD-VP16TAD and 2xGBE-luc) (3:1:1) to either non-
specific (NS)-shRNA or LSD1-shRNA-treated stable HEK293
cells. After culture for 24 h, cells were cross-linked in 10% form-
aldehyde for 10 min before being treated with glycine and
resuspended in the lysis buffer (1% SDS, 10 mm EDTA, and 50
mw Tris, pH 8.1) containing a protease inhibitor mixture (1 mm
PMSF and 1 pg/ml each of aprotinin and leupeptin). The sam-
ple was sonicated on ice until the cross-linked chromatin DNA
was sheared to an average length of ~500 bp. The sonicated cell
supernatant was diluted 10-fold in ChIP dilution buffer (0.01%
SDS, 1.0% Triton X-100, 2 mm EDTA, 20 mm Tris-HCl, pH 8.1,
and 150 mm NaCl) containing a protease inhibitor mixture. The
sample was precleaned with protein A/G-Sepharose and then
incubated with anti-HA or control IgG antibody overnight at
4°C. The antibody complexes were recovered with protein
A/G-Sepharose at 4 °C for 1 h. The immunoprecipitated DNA
within the complexes was released with reverse cross-linking
buffer, extracted with phenol-chloroform, precipitated with
ethanol, and analyzed with the SYBR Green-based qPCR. Cycle
threshold (C,) values were obtained for input (1% of starting
chromatin), control ChIP, and anti-HA ChIP samples of the
same treatment. The results were normalized by the transfec-
tion control (HA-G4DBD-VP16TAD binding to GBE). The
sequences of qPCR primers are listed in Table 1.

Immunostaining—HEK293 cells were transfected with plas-
mids expressing Flag-tagged nSREBP-1a (amino acids 1-490)
and LSD1-shRNA (or NS-shRNA as control) in a ratio of 1:2 by
weight. In pGIPZ plasmids, a GFP and shRNA are under the
control of the same CMV promoter, and therefore, GFP signals
indicate the expression levels of shRNA. After 24 or 48 h of
incubation, cells were fixed with 4% formaldehyde (Fisher) in
1X PBS for 15 min at room temperature, permeabilized with
0.25% Triton-100 (Sigma-Aldrich), and blocked with 10% BSA
(Fisher) in 1X PBS for 30 min at 37 °C. The samples were incu-
bated with monoclonal anti-Flag M2 antibody (Sigma) in 3%
BSA (1:1,000) overnight at 4 °C, then washed with 1X PBS for
three times, and incubated with Alexa Flour 594-labeled sec-
ondary antibody (Invitrogen) in 3% BSA (1:1,000) for 45 min at
37 °C in the dark. Nuclei were stained with Prolong Antifade
reagent with DAPI (Invitrogen). Images were collected using a
fluorescence microscope.

Co-immunoprecipitation—HA-tagged wild-type LSD1 was
co-transfected with either Flag-tagged nuclear form of GFP,
nuclear form of SREBP-1a, or SIRT1 into HEK293 cells. After
~36 h of incubation, cell lysates were prepared in immunopre-
cipitation buffer containing 50 mm Tris-HCI (pH 8.0), 150 mm
NaCl, 0.1 mm EDTA, 0.1% Nonidet P-40, 10% glycerol, 1 mm
dithiothreitol, 2.5 mm PMSF, 1 mMm benzamidine, 1 mg/liter
aprotinin, and 0.1 mm N-acetyl-leucyl-leucyl-norleucinal. The
Flag-tagged proteins were immunoprecipitated from the
lysates using anti-Flag antibody. After washing five times with
the immunoprecipitation buffer, Flag-tagged proteins were
eluted with 3X Flag peptide in the immunoprecipitation buffer.
Proteins in elutes were detected by immunoblotting using anti-
Flag or anti-HA antibody.
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FIGURE 1. LSD1 regulates lipogenic gene expression in HEK293 cells. A, immunoblots show LSD1 knockdown in HEK293 cells by lentivirus-based shRNA.
B-E, effects of LSD1 knockdown on the mRNA levels of FAS (B) and SREBPs (D) as detected by qRT-PCR, and the activities of the wild-type or sterol response
element-mutated FAS promoters (C) and the SREBP-1a or SREBP-1c promoters (E) as measured by luciferase reporter assays. The data represent means =+ S.D.

(n=3).#,p <0.01;& p < 0.001 versus NS.

Animal Care and Treatment—The mouse experiments con-
formed to the protocols approved by the Animal Care and Use
Committees of Albert Einstein College of Medicine in accor-
dance with the National Institutes of Health guidelines. Male
db/db and wild-type mice at the age of 8 weeks were purchased
from The Jackson Laboratory. Upon arrival, the mice were
maintained under a 12-hour dark cycle with free access to water
and standard mouse diet for at least 1 week before experiments.

Triglyceride Measurement—The amount of triglyceride in
hepatocytes was detected by an adipogenesis assay kit (Biovi-
sion) and normalized by the total amount of cellular proteins.

Statistical Analyses—The data were presented as the means =
S.D., and the significance of the differences between the two
groups was evaluated using Student’s ¢ test. The p value <0.05
was considered significant.

RESULTS

LSD1 Regulates the Expression of FAS and SREBP-1la—To
examine whether LSD1 could regulate lipogenic gene expres-
sion, we knocked down LSD1 in HEK293 cells using lentivirus-
based LSD1-specific shRNA (Fig. 14) and found that the
mRNA levels of the FAS gene were significantly lower than
those in control cells treated with NS-shRNA (Fig. 1B). Because
SREBP-1a and -1c are key transcriptional activators for the FAS
promoter, we then analyzed the effects of LSD1 knockdown on
the activity of the 175-bp proximal promoter of the human FAS
gene, which contains the SREBP1-responsive elements. As
shown in Fig. 1C, LSD1 knockdown decreased the wild-type
FAS promoter activity, and the inhibitory effect was similar to
that on the endogenous FAS gene expression. In contrast, when
the SREBP1-responsive elements were destroyed by point
mutations, the promoter activity was expectedly decreased by
~70%, and more importantly, the effect of LSD1 knockdown
vanished (Fig. 1C), suggesting that LSD1 is required for activat-
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ing the FAS promoter in HEK293 cells and that such regulation
is likely SREBP1-dependent.

To understand the mechanisms underlying LSD1 regulation
of the FAS promoter, we examined all three SREBP transcripts
in HEK293 cells by qRT-PCR. As shown in Fig. 1D, the
SREBP-1a transcript was more than 30-fold more abundant
than SREBP-1c, whereas the SREBP-2 transcript was about
2-fold higher than SREBP-la. Interestingly, knockdown of
LSD1 resulted in a significant decrease of SREBP-1a transcripts
but had no effects on SREBP-1c or SREBP-2 (Fig. 1D). Similarly,
LSD1 had little effect on SREBP-1¢ in primary hepatocytes (data
not shown). To determine whether LSD1 regulates SREBP-1a
mRNA expression at the transcription level, we examined the
effect of LSD1 knockdown on the promoter activity of human
SREBP-1a gene (39) by luciferase reporter assays. Consistent
with the mRNA data, LSD1 knockdown similarly decreased the
human SREBP-1a promoter activity, although it did not affect
the human SREBP-1c promoter (Fig. 1E), indicating a specific
role for LSD1 on the SREBP-1a promoter in HEK293 cells.

LSD1 Regulates the Abundance of Nuclear SREBP-1—Next,
we examined the effect of LSD1 knockdown on endogenous
SREBP-1 proteins. Although the commercial SREBP-1 anti-
body detects both SREBP-1a and SREBP-1c, the observed sig-
nals were presumably from SREBP-1a (Fig. 24), because the
SREBP-1a transcripts were much more abundant than
SREBP-Icin this case (Fig. 1D). Consistent with the mRNA data
in Fig. 1D, LSD1 knockdown significantly decreased the
amount of endogenous SREBP-la precursor proteins in
HEK293 cells (Fig. 2, A and B). Interestingly, the nuclear form of
SREBP-1a was nearly unaffected by LSD1 knockdown (Fig. 2, A
and B). Because recent studies show that SIRT1 regulates the
abundance of nuclear SREBP transcription factors (20 —22) and
LSD1 forms a complex with SIRT1 (28), the discrepancy
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FIGURE 2.LSD1 regulates nuclear SREBP-1 and SIRT1 protein levels in HEK293 cells. A,immunoblots show the effects of LSD1 knockdown on endogenous
SREBP-1 precursor (pre-SREBP1) and nuclear form (nSREBP1). B, densitometry analysis of precursor and nuclear SREBP-1 proteins in HEK293 cells after LSD1
knockdown. The data represent means = S.D. (n = 4).*, p < 0.05 versus NS. C,immunoblots using anti-HA antibody show the effects of the indicated shRNA on
co-transfected HA-tagged nuclear SREBP-1a (HA-nSREBP1a) and G4DBD fused Myb-TAD (HA-G4Myb, the control). D and E, immunoblots show the effects of
LSD1 knockdown (D) or overexpression with HA-tagged LSD1 (E) on endogenous SIRT1 protein levels.

between the precursor and nuclear SREBP-1a protein levels
raised a possibility that LSD1 may also negatively regulate
SREBP-1a protein stability. To test this possibility, we knocked
down LSD1 or SIRT1 in HEK293 cells by specific SaRNA. HA-
tagged nuclear form of SREBP-la was co-transfected with
the control, a fusion protein of Gal4-DNA-binding domain
(G4DBD) and Myb transactivation domain (as the transfection
control). As shown in Fig. 2C, SIRT1 knockdown increased
nuclear SREBP-1a levels in HEK293 cells, confirming the pre-
vious reports (20-22). Interestingly, LSD1 knockdown simi-
larly caused a significant accumulation of overexpressed
nuclear SREBP-1a proteins (Fig. 2C).

Because LSD1 complexes with SIRT1 (28), they may stabilize
each other in those cells. To examine this possibility, LSD1 was
first knocked down in HEK293 cells by transfection of specific
shRNA. As shown in Fig. 2D, knockdown of LSD1 significantly
decreased the protein levels of SIRT1 as measured by immuno-
blotting. The effect was likely specific to LSD1, because similar
results were obtained when a total of four independent shRNA
constructs were examined (data not shown), and LSD1 knock-
down also caused a decrease of SIRT1 proteins in HepG2 cells
(datanot shown). Conversely, when HA-tagged wild-type LSD1
proteins were overexpressed in HEK293 cells, the protein levels
of SIRT1 were increased (Fig. 2E). Thus, LSD1 and SIRT1 pro-
tein levels are positively correlated with each other in HEK293
cells. Moreover, LSD1 knockdown had no effects on SIRT1
mRNA levels (data not shown), further suggesting a post-tran-
scriptional mechanism. Considering that LSD1 regulates
SIRT1, which in turn negatively regulates the abundance of
nuclear SREBP-1a (20-22), these results suggest that LSD1
knockdown-caused accumulation of nuclear SREBP-1a is likely
due to the decrease of SIRT1 proteins.

LSD1 Is Required for SREBPI-mediated Transcription—The
discrepancy between the amount of mature/nuclear SREBP-1a
(Fig. 2A) and its target gene levels (Fig. 1B) upon LSD1 knock-
down suggested that LSD1 also affects the nuclear SREBP-1a-
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induced transcription. To test this possibility, we examined the
effects of overexpressed nuclear SREBP-1a on the SREBP1-re-
sponsive promoters by luciferase reporter assays. As expected,
overexpression of nuclear SREBP-1a in control cells activated
the synthetic SREBP1-responsive promoter containing three
tandem sterol response elements from the human FAS gene
promoter (Fig. 3A). In contrast, knockdown of LSD1 com-
pletely abolished SREBP1a-induced activation (Fig. 3A4), sug-
gesting that the accumulated nuclear SREBP-1a proteins were
transcriptionally inactive in the absence of LSD1. Similarly, in
LSD1 knockdown cells, overexpressed SREBP-1a displayed a
decreased ability to activate the 1-kb promoter of the human
FAS gene (Fig. 3B), when compared with the effects in control
cells. Taken together, these results demonstrate that LSD1 is
required for nuclear SREBP-1a to efficiently activate transcrip-
tion of its target genes in HEK293 cells.

Because SREBP-1a and -1c are isoforms produced from the
same gene (SREBF-1), and they only differ at the N terminus
(43), we asked whether LSD1 could also regulate SREBP1c-me-
diated gene expression. For this purpose, we first knocked
down LSD1 in HEK293 cells by shRNA and then co-transfected
a nuclear form of SREBP-1c with the firefly luciferase reporter
that is under the control of the human FAS promoter. As shown
in Fig. 3C, overexpression of nuclear SREBP-1c increased the
FAS promoter activity as expected, whereas knockdown of
LSD1 significantly decreased the basal activity of the FAS
promoter. More importantly, LSD1 knockdown abolished
SREBP1c-induced activation of the FAS promoter (Fig. 3C),
suggesting that LSD1 is also required for SREBP1c-mediated
transcription in HEK293 cells. In addition, LSD1 knockdown
suppressed the FAS promoter to a similar degree in the absence
or presence of insulin (Fig. 3D). Moreover, LSD1 knockdown
also significantly decreased nuclear SREBP-1a-induced, but not
SREBP-2-induced, activation of the LDL receptor promoter
(Fig. 3E). Together, our results demonstrate that LSDI1 is
required for nuclear SREBP1-activated gene transcription.
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FIGURE 3. LSD1 is required for SREBP1-mediated transcription in mammalian cells. A-C and E, luciferase reporter assays detect the effects of LSD1
knockdown in HEK293 cells using lentivirus-based shRNA on SREBP-1a-induced activation of a basal promoter that contains three tandem SRE sites (A) or the
1-kb human FAS gene promoter (B), SREBP-1c-induced activation of the 1-kb human FAS gene promoter (C), and SREBP-1a or SREBP-2 -induced activation of
the human LDLR gene promoter (E). D, effects of LSD1 knockdown and insulin (200 nm, 18 h) on the FAS promoter activity in HEK293 cells. F, ChIP-gPCR shows
the effects of LSD1 knockdown on HA-tagged nuclear SREBP-1a binding to the FAS promoter in HEK293 cells. HA-tagged G4DBD-VP16-TAD and 2xGBE-Luc
were co-transfected as the internal control. G, immunostaining for overexpressed Flag-nSREBP-1a (amino acids 1-490) when co-transfected with LSD1-shRNA
or NS-shRNA (control) in HEK293 cells. The nuclei were visualized with DAPI staining. The data represent means = S.D. (n = 3).*, p < 0.05; #, p < 0.01 versus NS;

§, p < 0.05; clover symbol, p < 0.01 versus vector.

LSDI1 Regulates SREBPla Binding to the FAS Promoter—
Three possible mechanisms could explain the decreased ability
of nuclear SREBP-1a/1c in activating target gene promoters: 1)
the activity of SREBP-1a/1c TADs is decreased, 2) LSD1 is
required for the DNA binding of nuclear SREBP-1, and/or 3)
LSD1 regulates the localization of nuclear SREBP-1. First, we
asked whether LSD1 affected the TAD activity of SREBP-1a. To
test this possibility, we generated an artificial transcription fac-
tor by fusing G4DBD to human SREBP1a-TAD and tested its
ability to activate a synthetic promoter containing two tandem
GBEs. LSD1 knockdown did not significantly alter the ability of
this fusion transcription factor to activate the GBE-containing
promoter (data not shown). Similarly, LSD1 knockdown did
not significantly affect the activity of SREBP1lc-TAD or
SREBP2-TAD (data not shown). Thus, LSD1 does not regulate
the TADs of SREBP transcription factors.

Next, we asked whether LSD1 knockdown could affect the
DNA binding affinity of nuclear SREBP-1a proteins. For that
purpose, we performed ChIP analyses of overexpressed HA-
tagged nuclear SREBP-1a. To normalize the efficiency of both
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transfection and ChIP, we co-transfected HA-SREBP-1a with
HA-tagged G4DBD-VP16-TAD and its binding target 2xGBE
luciferase reporter into HEK293 cells. As shown in Fig. 3F,
despite the accumulation of this transcription factor in LSD1
knockdown cells (Fig. 2C), it displayed a significant lower DNA
binding affinity to the FAS promoter. Thus, our data suggest
that LSD1 is required for the efficient binding of SREBP-1a to
the FAS promoter.

To determine whether the decreased DNA binding of accu-
mulated nSREBP-1a was due to the change of nSREBP-1a local-
ization, we performed immunostaining. As shown in Fig. 3G,
the N-terminal fragment (amino acids 1-490) of SREBP-1a is
exclusively localized in the nucleus, consistent with previous
reports, and LSD1-shRNA did not significantly change such
pattern. Therefore, LSD1 does not regulate the localization of
nuclear SREBP-1a proteins.

The Demethylase Activity of LSD1 Is Involved in Regulating
Lipogenic Gene Expression—To eliminate the potential off tar-
get effects of shRNA, we generated a construct expressing
shRNA-resistant LSD1 by introducing silent mutations

SASBMB

VOLUME 289-NUMBER 43+-OCTOBER 24, 2014



LSD1 Regulation of SREBP1

A B ONS-shRNA BLSD1-shRNA c ONS-shRNA BLSD1-shRNA
15
. 2 25
pcDNA3: Vector WT AE 579 =35
HA g 83 10
a < <w
shR-LSD1 - o< o
52 52 05 |
0.0 -
0 5 50 0 5 50
ShR-LSD1-WT (ng) shR-LSD1-AE (ng)
D E OAd-GFP  WAd-LSD1 F PRH
15 T>’ 15 30
>~ [ *
3 . : 53 T
£3 10 < 1.0 1 -9 20 -
<0 Z * o8
oF # £ 52
8L 05 2 05 £3 10 -
3= l 3 SE
&) -
0.0 - 0.0 - 0 ;
DMSO TCP FAS  SCD1 SREBP1 Ad-GFP Ad-LSD1

FIGURE 4.LSD1 regulation of lipogenic gene expression requires its demethylase activity. A, immunoblots for HA-tagged WT or A539E (AE) LSD1 proteins
that are resistant to shRNA#2. B and C, effects of the indicated doses of LSD1-WT (B) or -AE (C) on LSD1 knockdown-induced inhibition of the FAS promoter as
examined by luciferase reporter assays. D, effects of trans-2-phenylcyclopropylamine (TCP) (0.2 mm) on the activity of the FAS promoter after 18 h of treatment.
E and F, effects of LSD1 overexpression by adenovirus in primary rat hepatocytes on indicated gene expression by qRT-PCR (E) and triglyceride levels (F). The
data represent means = S.D. (n = 3).*,p < 0.05; #, p < 0.01; & p < 0.001 versus NS or GFP; §, p < 0.05 versus vector.

(Fig. 4A). As shown in Fig. 4B, the wild-type shRNA-resistant
LSD1 could rescue LSD1 knockdown-caused inhibition of the
FAS promoter activity in a dose-dependent manner, demon-
strating a specific effect of LSD1 in regulating the FAS pro-
moter. Because LSD1 is a lysine-specific histone demethylase
(29), we asked whether the demethylase activity of LSD1 was
required for regulating the FAS gene. For that purpose, we
mutated the alanine 539 residue to glutamic acid (named as
LSD1-AE) on top of the shRNA-resistant LSD1, because the
mutation at alanine 539 of LSD1 completely abolishes the de-
methylase enzymatic activity of LSD1 (42). We then tested the
effects of LSD1-AE on the FAS promoter activity by luciferase
reporter assays. As shown in Fig. 44, the wild-type and enzyme-
dead LSD1 proteins were expressed at a similar level in HEK293
cells. Surprisingly, overexpression of LSD1-AE dose-depen-
dently inhibited the FAS promoter activity in both NS-shRNA
and LSD1-shRNA-treated HEK293 cells (Fig. 4C). Thus, the
enzyme-dead LSD1 proteins may function in a dominant-
negative manner. In agreement with these data, LSD1 inhibi-
tion by tranylcypromine (trans-2-phenylcyclopropylamine)
(44) decreased the promoter activity of human FAS as exam-
ined by luciferase reporter assays (Fig. 4D). Together, these
results show that the demethylase activity of LSD1 is involved in
regulating lipogenic gene expression in mammalian cells.

LSD1 Regulates Lipid Accumulation in Hepatocytes—A pos-
sible dominant-negative effect of LSD1 overexpression was also
observed in primary rat hepatocytes, where overexpression of
LSD1 by adenovirus caused a significant decrease of SREBP1 tar-
get genes, such as FAS and stearoyl-CoA desaturase-1 (SCDI) (Fig.
4E). Consistent with our data in Fig. 1D, overexpression of LSD1
did not affect the mRNA levels of SREBP-1c in primary rat hepa-
tocytes (Fig. 4E). Consistent with the decrease of lipogenic gene
expression, overexpression of LSD1 significantly decreased trig-
lyceride levels in primary rat hepatocytes (Fig. 4F).
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To eliminate the potential complications of long-time deple-
tion of LSD1, we acutely knocked down LSD1 by transient
transfection of the LSD1-shRNA plasmid from Fig. 2D. As
shown in Fig. 54, acute knockdown of LSD1 also resulted in a
significant decrease of endogenous FAS mRNA levels in
HEK293 cells as detected by qRT-PCR. Consistent with the
mRNA data, acute knockdown of LSD1 also decreased FAS
proteins as examined by immunoblotting (Fig. 5B). In HepG2
cells, knockdown of LSD1 (Fig. 5C) significantly decreased trig-
lyceride accumulation (Fig. 5D). Similarly, in primary mouse
hepatocytes, knockdown of LSD1 (Fig. 5E) also significantly
decreased the cellular triglyceride levels (Fig. 5F). Taken
together, our results suggest that LSD1 is required for triglyc-
eride accumulation in hepatocytes.

DISCUSSION

In this study, we have shown a novel role for LSD1 in regu-
lating fatty acid biosynthesis through the SREBP-1 transcrip-
tion factors in mammalian cells. We show that LSD1 is specif-
ically involved in activating the SREBP-1a promoter in HEK293
cells, controlling the levels of SREBP-1a precursors. When the
mature SREBP-1 proteins are translocated into nucleus, LSD1
regulates their stability, likely through controlling the abun-
dance of SIRT1. Although LSD1 does not affect the activities
of SREBP-TADs and localization of nuclear SREBP-1, it is
required for nuclear SREBP-1 binding to the FAS promoter.
Through the regulation of SREBP-1 at multiple steps, LSD1
collectively supports the expression of SREBP1 target genes in
mammalian cells. In addition, the demethylase activity of LSD1
is involved in regulating lipogenic gene expression. As a result,
LSD1 regulates the cellular triglyceride levels in cultured hepa-
tocytes. These observations show that LSD1 is a novel regulator
of SREBP1-mediated lipid metabolism in mammalian cells.
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FIGURE 6. LSD1 regulation of SREBP-1. A, HA-tagged wild-type LSD1 is co-transfected with either Flag-tagged GFP, nuclear form of SREBP-1a, or SIRT1 in
HEK293 cells. After ~36 h of incubation, cell lysates were prepared. The Flag-tagged proteins were immunoprecipitated from the lysates after extensive wash
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Although LSD1 promotes nuclear SREBP-1 degradation indirectly through SIRTT, it is also required for the efficient binding of SREBP-1 to the target gene
promoters. Collectively, LSD1 functions to activate lipogenic gene expression in mammalian cells.

By removing the methyl groups from histone H3K4 (29),
H3K9 (30), or other non-histone proteins such as p53 (32),
LSD1 plays a critical role on the transcription of genes involved
in cell growth and differentiation (36). The function of LSD1 in
lipid metabolism has started to be appreciated recently by the
results showing that LSD1 regulates adipogenesis (37, 38).
Recently, we show that LSD1 physically and functionally inter-
acts with SIRT1 (28). In this study, we show that the protein
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levels of LSD1 were positively correlated with those of SIRT1.
Because LSD1 did not regulate SIRT1 gene expression, LSD1
and SIRT1 proteins may simply stabilize each other through
their physical interaction, like in cases of other protein com-
plexes. Consistent with recent studies showing that SIRT1 neg-
atively controls nuclear SREBP protein levels (20-22), LSD1
knockdown caused a significant accumulation of nuclear
SREBP-1a proteins, likely because of an indirect mechanism
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through SIRT1, because we did not detect a stable interaction
between LSD1 and SREBP-1a by co-immunoprecipitation (Fig.
6A). However, this mechanism is overridden by the positive
role of LSD1 on the transcription of SREBP-1a and the DNA
binding affinity of nuclear SREBP-1 proteins, resulting in an
overall decrease of lipogenic gene expression when LSD1 is
knocked down. It will be interesting to examine whether other
biological functions of SIRT1 are also regulated by LSD1 in the
future.

Multiple lines of evidence in this study demonstrate that
LSD1 is required for lipogenic gene expression in mammalian
cells. Although we could not exclude the involvement of other
transcription factors, LSD1 regulation of the FAS gene tran-
scription is largely SREBP1-dependent, because LSD1 knock-
down nearly abolished SREBP-1a- or SREBP-1c-induced acti-
vation of multiple promoters (Fig. 3). Mutagenesis analysis of
the SREBP-responsive sites in the FAS promoter further sup-
ports the roles of SREBP-1a/lc in LSD1 regulation of FAS.
Thus, LSD1 functions to activate SREBP-1 in mammalian cells.
Moreover, the demethylase activity of LSD1 is required for this
function. We have recently shown that resveratrol, curcumin,
and quercetin can inhibit the LSD1 activity (45). These com-
pounds are known to have beneficial effects on lipid homeosta-
sis (20, 46-48). Based on this study, the effects of these
compounds on lipid homeostasis may be partially through
inhibiting LSDI.

Interestingly, the protein levels of hepatic LSD1 in db/db
mice, one of the popular obese models, were lower than those in
wild-type mice (Fig. 6, B and C). It is well known that db/db
mice display higher levels of SREBP-1c target genes in the liver
and thus a higher rate of de novo lipogenesis. Taking the results
from this study, it is possible that the overactivation of
SREBP-1c may have been partially suppressed in db/db mice
because of the down-regulation of LSD1.

Consistent with the previous report (49), we detected a
higher level of SREBP-1a mRNA as compared with SREBP-1cin
HEK293 and HepG2 cells (data not shown). Thus, it is conceiv-
able that the effects of LSD1 on endogenous SREBP target genes
are primarily through SREBP-1a in HEK293 and HepG2 cells,
whereas SREBP-1c is the predominant form of SREBP-1 in pri-
mary rat and mouse hepatocytes. Nevertheless, LSD1 is
required for both SREBP-la/lc-activated gene transcription
(Fig. 3). Although LSD1 knockdown also decreases the pro-
moter activity of LDLR in HEK293 cells, such regulation is
through SREBP-1a, because LSD1 knockdown did not affect
SREBP-2-mediated activation (Fig. 3D).

Our data suggest that LSD1 regulates SREBP-1a/1c at several
steps. First, LSD1 is required for activating the SREBP-1a pro-
moter, but it does not affect SREBP-1c and SREBP-2 (Fig. 1D).
Previous studies have shown that the SREBP-1a promoter is
primarily controlled by the transcription factor Spl (39).
Therefore, LSD1 may regulate the SREBP-1a promoter through
Spl. Interestingly, it has been shown that Sp1 is methylated at
the lysine residues, and LSD1 can functionally de-methylate
Sp1 (50). Second, consistent with the mRNA data, LSD1 knock-
down significantly decreased the amount of SREBP-1 precursor
proteins in HEK293 cells; however, the nuclear form of
SREBP-1 was unaffected (Fig. 2, A and B). This inconsistency is
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likely because LSD1 negatively controls the abundance of
nuclear SREBP-1a (Fig. 2C), although LSD1 may also control
the SREBP maturation process. Third, the difference between
nuclear SREBP-1 protein levels and transcriptional functions
led us to discover that LSD1 is also required for SREBP-1a bind-
ing to the FAS promoter (Fig. 3F). According to the data in Fig.
3G, itis likely that LSD1 also supports SREBP-1c binding to the
FAS promoter. The underlying mechanism(s) for LSD1 regu-
lating DNA binding affinity of SREBP1 transcription factors
currently remain unclear. LSD1 may indirectly control the
expression of certain genes that regulate the DNA binding
affinity of nuclear SREBP-1 proteins. It has been shown that
proto-oncogene FBI-1 modulates the DNA binding affinity of
SREBP-1 in mammalian cells (51). It will be interesting to test
such a possibility in future experiments.

In summary, our results show that LSD1 is required for lipid
biosynthesis through the mechanisms of activating SREBP-1
transcription factors (Fig. 6D). This finding may have potential
implications for treating metabolic diseases as well as cancer.
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