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Figure 3 | Epigenetic repression of energy-expenditure genes by LSD1. After 24-hour adipogenic induction, 3T3-L1 cells were examined for LSD1
enrichment and histone modifications by ChIP-qPCR. Before the induction, cells were subjected to siRNA introduction or drug treatment, as specified
below. Each ChIP-gPCR histogram indicates the mean+s.d. of triplicate results. (a) Localization of LSD1 at the PGC-To gene locus. ChIP analyses were
performed in 3T3-L1 cells after 24-hour adipogenic induction using anti-LSD1 antibody. Six indicated sites (1-6) were tested for gPCR amplification.
Enrichment values were normalized to input, and shown as the fold difference relative to region 1. Control IgG (black bars), anti-LSD1 antibody (red bars).
(b) LSD1 occupancy at PDK4, FATPT ATGL, actB and PdxT gene promoters. LSD1 occupancy was calculated as the enrichment level relative to PGC-Tor gene
exon 8. Control IgG (black bars), anti-LSD1 antibody (red bars). (c) ChIP analyses of the target gene promoters using antibodies against mono- (grey
bars), di- (red bars) and tri-methylated (blue bars) H3K4. The enrichment values are shown as the fold difference relative to control siRNA-introduced
cells. (d) Histone H3 acetylation levels of LSD1-target promoters after LSD1-KD. (e) Enrichment of di-methylated H3K4 at the PGC-Tar gene promoter in
TC-treated cells. Three independent assays had similar results. (f) Di- (red bars) and tri-methylation (blue bars) levels of H3K4 on LSD1-regulated genes.
Values indicate percentage of input DNA. (g) Histone modification levels of LSD1 target promoters after Set7/9-KD. The enrichment values of di- (red
bars), tri- (blue bars) methylated H3K4 and acetylated H3 (black bars) are shown as the fold difference relative to control siRNA-introduced cells.

(h) Effect of TSA treatment on H3K4 methylation (left panel) and H3 acetylation (right panel). Cells were cultured with vehicle (white bars) or with
100nM TSA (black bars) before adipogenic induction. *P<0.05 versus vehicle by Student's t-test. (i) Repressive histone marks in LSD1-KD (red bars)
and control (black bars) cells. ChIP experiments were done using antibodies against di- and tri-methylated H3KS (left panel) and di- and tri-methylated
H3K27 (right panel). MyoD gene and major satellite repeat were included as experimental controls.

lipid accumulation in differentiating adipocytes (Supplementary
Fig. 4¢,d). Thus, LSD1 suppresses mitochondrial energy metabolism
in mature adipocytes depending on the cellular energy condition.
Because we observed the activated mitochondrial metabo-
lism and the reduced lipid accumulation in LSD1-inhibited states
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in adipocytes, we checked whether lipolysis was also activated
(Fig. 5g,h). Both LSD1-KD and TC treatment in insulin-stimulated
mature 3T3-L1 adipocytes significantly augmented the lipolytic
activity. Several types of triglyceride lipases are involved in lipolysis
and are mainly controlled by the PKA-mediated signal cascade?*°.

© 2012 Macmillan Publishers Limited. All rights reserved.
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Figure 4 | Transcriptional repression of PGC-Ta promoter by LSD1.

(a) Diagram of PGC-1at/Luc construct. Sites of ChIP-qPCR primers

are indicated as D (distal) and P (proximal). (b) Effects of LSD1-KD

and BHC80-KD on PGC-To. promoter activity. After the introduction of
indicated siRNAs, 3T3-L1 cells were transfected with a PGC-10,/Luc
plasmid and an internal control pRL-TK construct. Luciferase activities
were measured at 24 h after the adipogenic induction. (¢, d) Effects of
LSD1inhibitors on PGC-To. gene promoter activity. TC (¢) was used at the
indicated concentrations whereas SLIs (d) were used at 10~ and 1075 M.
Reporter-introduced cells were treated with indicated drugs for 24 h before
the adipogenic induction. (e) Chromatin formation on transfected reporter
plasmid. Pan-histone H3 (white bars) and control IgG (black bars) levels
were analysed both on endogenous and transgenic PGC-To. promoter.

(f) H3K4 di-methylation level of the reporter vector after vehicle (black
bars) or 104 M TC (orange bars) treatment. Values are normalized to the
enrichment level of panH3. (g) LSD1-binding on the reporter vector. Values
are normalized to the enrichment level of panH3. Values are mean+s.d. of
triplicate samples. *P<0.05, **P<0.01 versus control siRNA or vehicle by
Student's t-test.

Consistently, ATGL and a number of PKA-associated genes were
upregulated in LSD1-inhibited cells (Fig. 2a-c; Supplementary
Data 1). Collectively, these results suggest that LSD1 suppresses
energy expenditure by inhibiting mitochondrial respiration and
lipid mobilization in adipocytes.

Loss of FAD attenuates the gene regulatory activity of LSDI.
To investigate the biological importance of FAD-dependent LSD1
activities, we examined whether cellular FAD synthesis affects the
expression of the LSD1-target genes involved in energy metabolism.

6

The biosynthetic pathway from riboflavin to FAD is composed of
two enzymes, riboflavin kinase (RFK) and FAD synthetase (FADS)33
(Fig. 6a). The siRNA-mediated knockdown of these two genes
resulted in a mild reduction of the cellular FAD content in 3T3-L1
cells whereas RFK-KD showing the stronger effect, as assessed by
two different methods (Supplementary Fig. S5a,b). Expression of
most LSD1-target genes was increased by RFK-KD while FADS-KD
did not affect PGC-1o. expression, in agreement with their effects
on FAD production (Fig. 6b; Supplementary Fig. S5¢). These results
imply that RFK is the rate-limiting enzyme in the FAD biosynthetic
process. It might be analogous to the case of the NAD* (nicotina-
mide adenine dinucleotide) synthetic pathway in which Nampt, the
first enzyme of the process, strongly affects the cellular NAD * pool34,
To elucidate the substantial overlap in the target genes, expression
microarray analysis was performed using LSD1-KD and RFK-KD
cells (Fig. 6¢). A total of 132 genes were commonly induced more
than twofold compared with the control under both knockdown
conditions. In addition, as we focused on the probe sets upregulated
by LSD1-KD, we found significant enrichment of the probe sets that
were similarly upregulated by REK-KD (P=3.5x10~% by 2 test),
compared with those oppositely regulated (Fig. 6d).

Earlier studies have identified the ‘GxGxxG’ sequence as a FAD-
binding consensus, one that is frequently present in FAD-dependent
oxidases>® (Supplementary Fig. S5d). To test whether FAD-bind-
ing is required for LSD1-mediated transcriptional repression, we
point-mutated The ‘GxGxxG’ motif located at the amino-terminal
side to the catalytic domain of LSD1. Structural modelling of LSD1
predicted that these mutations would deteriorate the LSD1/FAD
interaction without affecting the overall folding of the protein3®
(Supplementary Fig. S5e,f). In the GAL4 reporter assay, wild-type
LSD1 (GAL4-LSD1wt) suppressed the luciferase activities in a dose-
dependent manner, whereas FAD binding-defective LSD1 (GAL4-
LSD1mut) did not (Fig. 6e). We then tested whether cellular FAD
production directly affects the repressive activity of LSD1. When
FAD production was impaired by RFK-KD in 3T3-L1 cells, tran-
scriptional repression by GAL4-LSD1wt was partly abolished
(Fig. 6f). We also used lumiflavin, a riboflavin analogue that antag-
onizes the riboflavin transport into the cells?’, which reduced the
cellular FAD content (Supplementary Fig. S5g). LSD1 function
was abrogated when lumiflavin was added to the culture medium
(Fig. 6g). More importantly, the expression of endogenous LSD1 tar-
get genes was clevated after lumiflavin treatment (Fig. 6h). Lumifla-
vin also caused the reduction of LSD1 protein without affecting the
messenger RNA level (Supplementary Fig. S5h), raising the possibil-
ity that LSD1 protein might be unstable when it is not bound to FAD.
Taken together, these results suggest that LSDI1 transcriptionally
controls energy metabolism in a cellular FAD-dependent manner.

To address whether the metabolic environment affects LSD1
activities, we examined the cellular FAD levels under the lipogenic
conditions in 3T3-L1 cells. Interestingly, cellular FAD content
remarkably increased during the adipogenic differentiation (Fig. 6i).
In addition, palmitate exposure, which has been shown to facilitate
lipid storage and suppress PGC-1o. expression>®39, also led to an
increase of FAD content in mature 3T3-L1 adipocytes (Fig. 6j). Dur-
ing the adipogenesis, the expression of LSD1-target genes includ-
ing PGC-1a, PDK4 and FATP1 were increased, possibly reflecting
their importance in adipocyte function (Supplementary Fig. S6a).
The elevated FAD level may account for the activation of FAD-
demanding processes such as fatty acid oxidation and TCA cycle on
adipogenic differentiation. Palmitate exposure slightly reduced the
expression levels of these genes, although not statistically signifi-
cant (Supplementary Fig. S6b). The FAD content in the epididymal
WAT from normal-diet (ND)- and high-fat-diet (HFD)-fed mice
was measured, but no significant difference was found (Supplemen-
tary Fig. S6¢). In this experiment, FAD concentration was about ten
times lower than that of cultured adipocytes, possibly reflecting the
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Figure 5 | LSD1 inhibition enhances mitochondrial metabolism in adipocytes. Mitochondrial energy metabolism was assessed in differentiating 373-L1
cells under LSD1-KD (a) and TC treatment (b). siRNA-introduced or drug-treated cells were subjected to adipogenic induction for 24 h, and were stained
with JC-1followed by flow cytometric analyses. Red fluorescent JC-1 aggregates (FL2) and green fluorescent monomers (FL1) were measured. Hatched
histograms indicate the unstained control samples. Each histogram shows the representative result of triplicate samples. (¢) The effect of LSD1-KD on
the OXPHOS capacity of differentiating 3T3-L1 cells. OXPHOS activity was determined by measuring the OCR using the XF24 Analyzer. During the real-
time measurement, respiratory chain inhibitors were added to the culture at the indicated time points. Values are means+s.d. of five assay wells at each
time point. (d) LSD1-KD reduces lipid accumulation in insulin-stimulated adipocytes. Differentiated 3T3-L1 cells were cultured in the absence or presence
of insulin, followed by adenovirus-mediated introduction of LSD1shRNA (Ad-shLSD1) or control (Ad-sh-ctrl). Cellular lipid was analysed at 4 days after
infection. Values are means+s.d. of five mice. Scale bars in the whole-well and magnified images indicate 5mm and 50 um, respectively. (e f) The effects
of LSD1-KD and TC treatment on the OCR in mature 3T3-L1 adipocytes. Insulin-stimulated adipocytes were treated with shRNA-containing adenoviruses
(control or LSD1, @) or 10™4M TC (f), and cultured for 4 days. OCR was determined using the Oxygen Biosensor System, and was calculated as the fold
increase during 30 min-measurement. (g,h) Enhanced lipolysis in LSD1-inhibited adipocytes. Insulin-stimulated mature 3T3-L1 adipocytes were infected
with shRNA-containing adenovirus (g) or were treated with TC (h), and cultured for 4 days. All values (except for those in €) are means+s.d. of three
independent samples. *P<0.05, **P< 0.01 versus control siRNA, control shRNA or vehicle by Student's t-test

difference in the magnitude of oxidative stress or the instability of
FAD in tissue samples. The results show that the FAD content fluc-
tuates depending on the cellular metabolic status, but further study
is necessary to elucidate how FAD is utilized in different biological
processes in the cell.

Effect of LSD1 inhibition on gene expression in obese WAT. To
address the LSD1-dependent metabolic gene regulation in vivo, we

~]3:758 | DOI: 10.1038/ncomms1755 | www.nature.com/naturecommunications

performed gene-expression analyses in normal and obese adipose
tissues of mice. Seven-week old C57BL/6] mice were fed a HFD for
six weeks and acquired an obese state. Interestingly, in the adipose tis-
sues of HFD-fed mice, the expression of LSD1 and BHC80 was mark-
edly elevated compared with ND controls (Fig. 7a,b). In addition,
the expression of the LSD1 target genes such as PGC-Io, PDK4 and
FATPI was significantly reduced in the obese WAT tissues (Fig. 7c),
indicating an inverse correlation with LSD1/BHC80 expression.

© 2012 Macmillan Publishers Limited. All rights reserved.
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bars) knockdown 3T3-L1 cells were induced to differentiate for 24 h, followed by RNA extraction and quantitative RT-PCR. Values are shown as the

fold difference against control siRNA-introduced samples (black bars). *P<0.05, **P < 0.01 versus control siRNAs by Student's t-test. (¢) Venn diagram
of the probe sets induced by LSD1-KD and RFK-KD. (d) Unidirectional effects of RFK-KD on LSD1-target genes. (e) Effect of wild-type or FAD-binding
mutant-type LSD1 on promoter activity. GAL4-fused LSD1-expressing plasmid (0.1 or 0.5ug) was transfected into 293T cells, together with the GAL4x5-
containing luciferase reporter construct. **P<0.01 versus GAL4 mock by Student’s t-test. (f) Effect of RFK-KD on LSD1-mediated transcriptional
repression. Control (black bars) or RFK (blue bars) siRNA-introduced 3T3-L1 cells were transfected with indicated GAL4 plasmids 48 h before the
luciferase measurement. *P<0.05 between indicated conditions by Student's t-test. (g) Effect of lumiflavin treatment on LSD1-mediated transcriptional
repression. 3T3-L1 cells were exposed to vehicle (black bars) or 50 uM lumiflavin (red bars) 48 h before the luciferase measurement. (h) Effect of
lumiflavin on endogenous LSD1-target genes. Differentiating 3T3-L1 cells were exposed to vehicle (black bars), 25 M (orange bars) or 50 UM (red bars)
lumiflavin for 24 h and were subjected to RNA analyses. (i) Increase of FAD concentration during adipogenic differentiation of 3T3-L1 cells. **P<0.01
versus day O by Student's t-test. (j) Increase of FAD concentration after 24-hour palmitate exposure in mature 3T3-L1 adipocytes (day 7). Values are
normalized to the protein concentration. *P<0.05 versus control by Student's t-test. All histogram values are means+s.d. of three independent samples.

To verify the direct relationship between LSD1 function and its
target gene expression in obese adipose tissues, we employed the
ex vivo culture of epididymal WAT in combination with adenovirus-
mediated depletion of LSD1. We dissected adipose tissues from
HFD-fed obese mice, and analysed the metabolic gene expression,
3 days after adenovirus introduction (at a multiplicity of infection
(MOI) of 1.5x108pfudissected tissues™!) (Fig. 7d). In agreement
with the above data, the loss of LSD1 increased the expression of
some energy-expenditure genes such as PGC-Iot and PDK4 in obese
adipose tissues (Fig. 7e). Interestingly, when tissues from ND-fed
mice were used, LSD1-KD did not induce energy-expenditure gene
expression suggesting the energetic state-dependent action of LSD1
(Fig. 7f). To further characterize the role of LSD1 in obese adipose
tissues in vivo, we directly introduced the LSD1 shRNAs-expressing
adenovirus into epididymal WAT (at a MOI of 5x108pfu per
mouse). Our repeated experiments using adenoviruses carrying the
EGFP gene or LSD1 shRNAs showed the efficient introduction of
exogenous gene into visceral adipose tissues (Fig. 7g). In agreement

8

with the ex vivo studies, LSD1-KD in vivo induced relatively small
but constant activation of the energy-expenditure genes in obese
WAT without any evident tissue/cell defects (Fig. 7h). Thus, LSD1
represses energy-expenditure genes in adipose tissues, possibly par-
ticipating in the establishment of the metabolic phenotypes in vivo.

To evaluate the effect of TC administration on diet-induced
obesity and the expression of energy-expenditure genes in adi-
pose tissues in vivo, C57BL/6] mice were fed a HFD for six weeks
in combination with an alternate-day administration of TC (10 mg
per kg body weight) (HED/TC) or PBS (HFD/PBS). HFD/TC mice
showed markedly lower body weight and fat mass compared with
the HFD/PBS-mice, with an improvement of the systemic lipid
handling (Supplementary Fig. S7a-d). There was no difference in
food intake among the groups (Supplementary Fig. S7¢), and there
were no abnormal behaviour or neurological symptoms in the
TC-treated mice. Importantly, TC treatment induced the expression
of PGC-1ct and other LSD1 targets as well as BAT marker UCP-I in
the epididymal WAT of the HFD/TC mice (Supplementary Fig. S7f).

| 3:758 | DOI: 10.1038/ncomms1755 | www.nature.com/naturecommunications
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indicates 2mm. (h) Expression of energy-expenditure genes after adenovirus-mediated reduction of LSD1in epididymal WAT in vivo. Control (black bars)
or LSD1 (red bars) shRNA-carrying adenoviruses were directly injected into epididymal WAT of HFD-fed mice 4 days before tissue isolation. Values are
meanszs.d. of triplicate samples. *P<0.05, **P< 0.01 versus control shRNA by Student's t-test.

Collectively, these data further reinforce our finding that LSD1 is
involved in the metabolic gene regulation.

Discussion
One of the key factors in formulating an energy strategy is envi-
ronmental information such as nutritional availability. As many
metabolism-associated genes are epigenetically regulated®’, nutri-
ent-driven epigenetic factors may have important roles in forming
metabolic phenotypes®. LSD1 is a unique demethylase that does not
contain the jumonji domain but as a flavoenzyme does have the FAD-
dependent amine oxidase domain!. Our present study clearly indi-
cates that LSD1 negatively regulates energy expenditure that can be
reversed by inhibiting LSD1 function and FAD biosynthesis (Fig. 8).
Cellular FAD potentiates LSD1 to repress energy-expenditure genes
such as PGC-Io through H3K4 demethylation in adipocytes where
excess energy is stored as triglycerides. Moreover, our experiments
using mature adipocytes and isolated adipose tissues revealed the
metabolic state-dependent effects of LSD1 inhibition. Thus, the
transcriptional and epigenetic regulation by FAD-dependent LSD1
may be central in nutrient-driven metabolic adaptation.

In this study, we identified a set of energy expenditure-associated
genes as direct targets of LSD1-mediated repression. We focused on

the genes that were commonly induced by LSD1-KD, BHC80-KD
and TC treatment. This criterion increased the likelihood of picking
up genes that were directly regulated through H3K4 demethylation
by LSD1, because BHCS80 is reportedly the LSD1 partner required
for H3K4 demethylation-dependent repression, and TC irreversibly
inhibits the catalytic activity of LSD1 (refs 16,17). This finding was
further confirmed by the use of SLIs with minimized nonspecific
effects. Our microarray results also revealed the non-overlapping
effects of LSD1-KD and BHC80-KD on the genome-wide expres-
sion profile. This suggests that in many cases, LSD1 and BHC80
regulate gene expression independently, and that BHC80 is dispen-
sable for LSD1 function other than H3K4 demethylation. In fact, it
is reported that BHC80 recognizes H3K4 to facilitate the demeth-
ylation by LSD1 (ref. 16), and only a fraction of LSD1 was associ-
ated with BHC80 in our experiment (Supplementary Fig. Slc). It is
also noteworthy that reported phenotypes of LSDI- and BHC80-KO
mice are distinctively different, indicating the non-overlapping
biological function of these genes! 4L,

Mechanistically, LSD1 disruption induced moderate enrichment
of methylated H3K4 on actively transcribed promoters. Histone meth-
ylation status can be determined by the equilibrium of methylating
and demethylating forces, and, in many cases, LSD1 demethylation
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activity is counteracted by the lysine methyltransferase Set7/9
(refs 9,10). Interestingly, a previous report has shown that glucose-
dependent induction of NF-kB gene expression was coincident with
Set7/9-dependent H3K4 methylation, and was counteracted by LSD1,
implying the possible involvement of Set7/9 in the metabolic gene
regulation®?. In our study, Set7/9-KD resulted in the partial reduction
of H3K4 demethylation at LSD1-target promoters (Fig. 3g). Thus, it
is possible that LSD1 fine-tunes the expression of metabolic genes so
that the cellular energy balance can be properly maintained.

We found in this study that the restriction of cellular FAD avail-
ability weakened the LSD1-dependent transcriptional repression of
energy-expenditure genes. LSD1, like other flavoenzymes, requires
FAD for its catalytic activity and converts it into the reduced form,
FADH, (ref. 43). The catalytic activity of LSD1 may be directly
connected to the cellular metabolic state via the fluctuation of the
FAD/FADH, ratio depending on the FAD oxidation processes
such as fatty acid B-oxidation and the TCA cycle. Another intrigu-
ing possibility is that a physical association between the LSD1 and
FAD production machinery determines the LSD1 activities. Indeed,
a recent study identified the existence of RFK in the protein com-
plex containing TNFo. receptor-1, in which RFK seemed to directly
provide NADPH oxidase with FAD, facilitating the TNFo signal-
ling*. Such a mechanism might explain why even a small reduction
in FAD content in RFK-KD and lumiflavin-treated cells was suffi-
cient for the LSD1 inhibition. In mitochondria, where the majority
of FAD production occurs, flavoenzymes may stably associate with
FAD even under FAD-reduced conditions®3. As the FAD reserve
for nuclear flavoenzymes is relatively small, their enzymatic activity
could be highly sensitive to FAD restriction.

It is of great interest that FAD-dependent LSDI-mediated
demethylation may be analogous to, but clearly distinct from,
NAD *-dependent Sirtuin 1 (Sirtl)-mediated deacetylation. Sirt1 is
the orthologue of yeast Sir2 histone deacetylase, and promotes mito-
chondrial activation that contributes to calorie restriction-induced
metabolic adaptation®>. Regarding the regulation of the PGC-1o.
function, Sirt1 activates PGC-1at protein by deacetylating its lysine
residue®6, whereas LSD1 negatively regulates the expression of the
PGC-1Io. gene. Such opposing functions of LSD1 and Sirtl suggest

10

the existence of reciprocal switches for energy homeostasis in which
FAD and NAD™ serve as coenzymatic sensors.

Aberration of cellular energy metabolism is associated with a
wide range of multifactor and/or polygenic diseases including obes-
ity-associated diseases, neurological disorders and cancer?”~%. As
epigenetic mechanisms are often linked to the pathogenesis of these
diseases, the epigenetic factors responsible would be attractive as
pharmacological therapeutic targets>>%>1, Our study depicts a novel
mechanism of the crosstalk between energy metabolism and epige-
netic gene regulation in which the FAD-dependent LSD1 activity
regulates energy-expenditure genes. Thus, LSD1 inhibitors may be a
new class of epigenetic drugs that can therapeutically benefit a wide
range of metabolic disorders.

Methods

Reagents and antibodies. Tranylcypromine hydrochloride, pargyline hydro-
chloride and lumiflavin were purchased from Sigma. Clorgyline hydrochloride
was purchased from MP Biomedicals. The compounds $2101, $2107 and S2111
were synthesized, as previously described®!. JC-1 was purchased from Molecular
Probes. The antibodies used were anti-LSD1 (Abcam, 1:500), anti-mono-methyl-
ated histone H3K4 (Abcam, 1:500), anti-di-methylated histone H3K4 (Millipore,
1:500), anti-tri-methylated histone H3K4 (Millipore, 1:500), anti-acetylated histone
H3 (Millipore), anti-pan histone H3 (Abcam, 1:2000), anti-di-methylated histone
H3K9 (Millipore), anti-tri-methylated histone H3K9 (Millipore), anti-di-methyl-
ated histone H3K27 (Millipore), and anti-tri-methylated histone H3K27 (Mil-
lipore). Anti-BHC80 antibodies (1:500) were a generous gift from Dr Tadashi Baba
(Tsukuba University, ]apan)52. Antibodies without dilution factors were only used
for ChIP experiments. The amount of antibodies used is described here.

Cell culture. Mouse 3T3-L1, C3H10T1/2 cells, and human 293T cells were
cultured in DMEM (Sigma) supplemented with 10% (v/v) heat-inactivated fetal
bovine serum and penicillin/streptomycin. Adipogenic induction of 3T3-L1 cells
was done by a standard method®>. Post-confluent cells were exposed to adipogenic
induction reagents including 0.5 mM 3-isobutyl-1-methylxanthine (Merck), 1 uM
dexamethasone (Wako) and 5 igml~ Linsulin (bovine pancreas, Sigma). For the
experiments using differentiating adipocytes, cells were collected at 24 h after
induction whereas for mature adipocytes, induction medium was replaced with
maintenance medium after a 48-h-induction. Lipid accumulation was assessed
by oil red O staining. For lipid quantification, oil red O was extracted with
2-propanol and was subjected to colorimetric analysis at 500 nm. For the
knockdown experiments, specific siRNAs were introduced to the cells using
RNAiIMAX reagent (Invitrogen) when they were ~50% confluent. The effective
siRNA target sequences are listed in Supplementary Table S3.

Plasmids. To construct pGL3-PGC-1o. (PGC-10/Luc), a luciferase reporter vector
containing a mouse PGC-I0. gene promoter, the fragment (from — 3,627 to +80) of
this gene was PCR-amplified using primers containing MIuI and Xhol sites at the 5’
and 3’ ends, respectively. The GAL4-DNA-binding domain-fused LSDI expres-
sion vector, pcDNA3-GAL4-hLSD1wt, was generated by inserting the EcoRI-NotI
fragment from pcDNA3-Flag-HA-hLSD1 (a gift from Dr Tadashi Baba) into the
corresponding sites of pcDNA-GAL4mock. pcDNA3-GAL4-hLSD1mut, which
expressed the FAD-binding motif-mutated LSD1, was prepared by site-directed
mutagenesis. Two glycine-to-alanine mutations were introduced using the primer
pair listed in Supplementary Table S4. GAL4-binding motifs-containing reporter
vector (pGL3-GALx5-SNRPN) was described previously.

Luciferase reporter assay. Luciferase reporter analyses were performed using a
dual-luciferase reporter assay system (Promega), according to the manufacturer’s
protocol. For PGC-1o. promoter analysis, the pGL3-PGC-1o. reporter vector

was co-transfected with the reference vector pRL-TK into 3T3-L1 cells, followed
by 24-hour adipogenic induction before luciferase measurement. The siRNAs
were introduced 24 h before the reporter transfection. For GAL4 reporter assay,
pcDNA-GALA plasmids were co-transfected with the reporter plasmid pGL3-
GALx5-SNRPN and pRL-TK into 293T or 3T3-L1 cells. After 48-h culture, the
cells were collected for luciferase measurement. RFK siRNA was introduced 24 h
before plasmid transfection, whereas lumiflavin was added to the culture 24h
before the measurement.

Gene-expression analysis. Total RNA from tissues and cells were extracted using
Trizol reagents (Invitrogen). Complementary DNAs were produced using Super-
Script I1I reverse transcriptase (Invitrogen). Quantitative RT-PCR was performed
by the SYBR green method using Thunderbird reagents (Toyobo) and ABI 7500
Sequence Detector (Applied Biosciences). Primers used in this study are listed in
Supplementary Table S4.

Microarray analysis. Genome-wide expression analysis was performed using
a GeneChip Mouse Genome Array 430 2 in combination with a GeneChip
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Hybridization, Wash and Stain Kit (Affymetrix). Microarray data were repeatedly
confirmed at Takara Dragon Genomics Center (Ohtsu, Japan). siRNA-introduced
and TC-treated 3T3-L1 cells were induced to differentiate for 24 h followed by
RNA extraction and a quality check using a Bioanalyzer RNA 6000 Nano

Assay (Agilent). Data annotation analysis was performed using GeneSpring GX
software (Agilent). Gene set enrichment analysis was performed using GSEA

ver. 2.0 software provided by the Broad Institute of MIT and Harvard
(http://www.broadinstitute.org/gsea/). The accession number of the

microarray data in GEO is GSE18600.

Chromatin immunoprecipitation and co-IP. In the ChIP experiments for detecting
modified histones, cells were crosslinked with 1% formaldehydeSs. Following the
cell lysis, isolated nuclei were subjected to sonication for chromatin fragmentation.
Chromatin fragments were incubated at 4 °C overnight with appropriate antibodies,
followed by a pull-down assay using protein A/G-conjugated agarose beads. Purified
DNAs were subjected to quantitative PCR (qQPCR) using the primer sets listed in
Supplementary Table S4. To detect LSD1 enrichment on the genomic DNAs, we
employed a protocol for detecting indirect associations between protein and DNA.
Briefly, enhanced crosslinking of chromatin using formaldehyde and protein-protein
chemical crosslinker DTBP (dimethyl 3, 3’-dithiobispropionimidate 2HCI) (Sigma)
was performed to increase the stability of protein-DNA complexes. Chromatin frag-
mentation was done by sonication in a regular RIPA buffer containing 0.1% SDS,
followed by immunoprecipitation, as described above. For co-IP experiments, cells
were lysed in IP buffer (50mM Tris-HCI pH 8.0, 5mM EDTA 150mM NaCl, 0.5%
NP-40, 0.5% Triton-X100) and incubated with specific antibodies followed by the
pull-down with protein A-sepharose beads for subsequent western blot analyses.

Generation of adenoviral vectors that express shRNA. The 65-bp oligonucle-
otides containing specific ShRNA for LSD1 (5'-GATCCCACAAGGAAAGCTA
GAAGATTCAAGAGATCTTCTAGCTTTCCTTGTGTTTTTTACGCGTG-3'; the
target sequence is underlined), BHC80 (5-GATCCGTTCCAGATACAGCCATT
GTTCAAGAGACAATGGCTGTATCTGGAACTTTTTTACGCGTG-3") and con-
trol GL3 (5"-GATCCGATTTCGAGTCGTCTTAATTTCAAGAGAATTAAGAC
GACTCGAAATCTTTTTTACGCGTG-3") (synthesized by TaKaRa Bio Company)
were ligated to the BamHI and EcoRI sites of RNAi-Ready pSIREN-Shuttle Vector
(Clontech Laboratories). and were subsequently sequenced for verification. The
DNA fragment containing LSD1, BHC80 or GL3-specific shRNA downstream to
the human U6 promoter was subcloned into adenoviral vector plasmid pAd. HM4,
and was transfected to 293 cells. The generated replication-deficient adenoviral
vector was propagated, purified and tittered, as described previously®”-8,

Expression of shRNA in isolated adipose tissues. For ex vivo adipose tissue
culture, epididymal WAT of mice was obtained, dissected into ~3-mm cubes and
maintained in primary culture medium (DMEM/F12 (1:1) supplemented with 10%
FBS, 100 uM ascorbic acid, 100 nM insulin and 200 pM 3, 3, 5-triiodo L-thyro-
nine). For adenovirus infection, three tissue blocks were placed into a single well of
48-well plate and exposed to adenovirus expressing either control or LSD1 shRNA
at a MOT of 1.5x108 plaque-forming units (pfu) per well. Infections were repeated
in triplicate wells for each virus.

In vivo introduction of adenoviruses. We used adenovirus transiently expressing
LSD1 shRNAs in WAT in vivo, because LSD1-deficient mice and cells had severe
defects!!. For in vivo LSD1-knockdown experiments, adenoviruses were directly in-
jected into the epididymal WAT of HFD-fed mice. Under anaesthesia, the outer coats
of mice were dissected at the lower part of the abdomen. In obese mice, a portion of
epididymal WAT was visible through the peritoneum, enabling targeted injection of
adenoviruses. Adenoviruses expressing either control or LSD1 shRNAs were injected
into the epididymal WAT on the right side of the abdomen at a MOI of 5x108 pfu per
mouse. Four days after injection, tissues were collected for RNA analyses.

Assessment of cellular metabolism. For the determination of mitochondrial
metabolism, 3T3-L1 cells were stained with fluorescence dye JC-1, followed by flow
cytometric analysis®2. Following trypsinization, cells were exposed to 5 pgml ™!

of JC-1 in the culture medium for 15 min at 37 °C and were suspended in PBS for
fluorescence-activated cell sorting (FACS) analysis. Green and red fluorescent
signals detected mitochondrial mass (FL1) and mitochondrial membrane potential
(FL2), respectively, using a FACS Canto cytometer (Becton Dickinson). Cellular
lipolytic activity was determined by measuring the concentration of free glycerol
released into the culture medium during the 24-h culture, using an Adipolysis
Assay Kit (Cayman Chemical). Cellular lactate content was measured using a
Lactate Assay Kit II (BioVision), according to the manufacturer’s instructions.
Oxygen consumption was measured using a BD Oxygen Biosensor (BD Falcon),
according to the manufacturer’s instructions. For the assay, adipocytes were
dispersed into single cells by Accumax reagent (Innovative Cell Technologies)

and resuspended in the culture medium. Cell numbers were calculated for the
normalization of the oxygen consumption values. Oxygen consumption rate (OCR)
values were calculated as the fold-increase during a 30-min-measurement.

Real-time measurement of OXPHOS activity. Real-time monitoring of cellular
OXPHOS activity was performed using XF24 Extracellular Flux Analyzer (Seahorse

Bioscience), according to the manufacturer’s instructions. siRNA-introduced
3T3-L1 cells were inoculated on the assay culture plate and allowed to differentiate
for 24 h before the assay. Maximum OXPHOS capacity was determined as
previously reported with some modifications®. In brief, during the real-time
measurement, inhibitors of respiratory chain components were serially added

to the culture. First, the complex V inhibitor, oligomycin (1 g ml~1), was added
followed by the addition of the respiratory uncoupler, carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) (1 M), and then the complex I and

I inhibitors, rotenone (100 nM) and antimycin A (10 uM). After each drug
addition, the OCR was measured four times. The addition of FCCP accelerates
oxygen consumption to a maximum level, whereas complex I inhibitors completely
abolish the mitochondrial respiration. Thus, the difference in OCR between
FCCP- and rotenone/antimycin-added states indicates the maximum OXPHOS
capacity.

Statistical analyses. Data are presented as means+s.d. All statistical analyses were
performed by a two-tailed Student’s t-test, except in the microarray experiments, in
which Pearson’s ¥ test was carried out.
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Background: BMP signaling promotes chondrocyte maturation and, subsequently, endochondral ossification, whereas

TGF- signaling is inhibitory.

Results: TGF-f3 induced SnoN to suppress BMP signaling and chondrocyte hypertrophy.
Conclusion: SnoN mediates a signal cross-talk between TGF-f3 and BMP to regulate chondrocyte maturation.
Significance: Our data revealed an effector of TGF-f signaling as a putative therapeutic molecular target for cartilage/bone

regeneration or osteoarthritis.

Hypertrophic maturation of chondrocytes is a crucial step
in endochondral ossification, whereas abnormally acceler-
ated differentiation of hypertrophic chondrocytes in articu-
lar cartilage is linked to pathogenesis of osteoarthritis. This
cellular process is promoted or inhibited by bone morphoge-
netic protein (BMP) or transforming growth factor-f
(TGE-B) signaling, respectively, suggesting that these signal-
ing pathways cross-talk during chondrocyte maturation.
Here, we demonstrated that expression of Tgfbl was
increased, followed by phosphorylation of Smad2, during
BMP-2-induced hypertrophic maturation of ATDC5 chon-
drocytes. Application of a TGF-f type I receptor inhibitor
compound, SB431542, increased the expression of Id1, with-
out affecting the phosphorylation status of Smad1/5/8, indi-
cating that the activated endogenous TGF-f pathway inhib-
ited BMP signaling downstream of the Smad activation step.
We searched for TGF-B-inducible effectors that are able to
inhibit BMP signaling in ATDC5 cells and identified SnoN.
Overexpression of SnoN suppressed the activity of a BMP-
responsive luciferase reporter in COS-7 cells as well as
expression of Idl in ATDC5 cells and, subsequently, the
expression of Col10al, a hallmark of hypertrophic chondro-
cyte maturation. siRNA-mediated loss of SnoN showed oppo-
site effects in BMP-treated ATDC5 cells. In adult mice, we
found the highest level of SnoN expression in articular carti-
lage. Importantly, SnoN was expressed, in combination with
phosphorylated Smad2/3, in prehypertrophic chondrocytes
in the growth plate of mouse embryo bones and in chondro-
cytes around the ectopically existing hypertrophic chondro-
cytes of human osteoarthritis cartilage. Our results indicate
that SnoN mediates a negative feedback mechanism evoked
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by TGF-f to inhibit BMP signaling and, subsequently, hyper-
trophic maturation of chondrocytes.

Bone formation is achieved by either intramembranous or
endochondral ossification. The former process is characterized
by differentiation of mesenchymal cells directly into bone-
forming osteoblasts. Endochondral ossification is initiated by
condensation of mesenchymal cells expressing a chondrogenic
master regulator, Sox9, after which cells further differentiate
into chondrocytes that are able to express a specific marker
Col2al, encoding type II collagen (1). Then the committed
chondrocytes proliferate and convert into hypertrophic chon-
drocytes to eventually mineralize the surrounding cartilage
matrix to be replaced by bone (2). Hypertrophic chondrocytes
are characterized by a round large cell body and the ability to
express Coll10al, encoding type X collagen. This hypertrophic
conversion process is, at least in part, governed by Runx2 pro-
tein (i.e. Runx2 directly activates the promoter of Coll0al to
promote chondrocyte hypertrophy) (3, 4). Mouse models in
which dominant-negative Runx2 was overexpressed in chon-
drocytes showed suppressed chondrocyte hypertrophy, com-
bined with complete loss of endochondral ossification (5).
Conversely, forced expression of wild-type Runx2 in mouse
chondrocytes resulted in accelerated differentiation of hyper-
trophic chondrocytes and bone formation (5, 6). Given that in
permanent cartilage (e.g. normal articular cartilage on the joint
space), chondrocytes do not undergo the late phase hyper-
trophic maturation, hypertrophic conversion of chondrocytes
must be restricted to maintain a normal cartilage phenotype.

In addition to its indispensable role in physiological bone
formation, the endochondral ossification processis a promising
cellular event in the application of bone/cartilage regenerative
medicine, which can be artificially engineered from human
mesenchymal stem/stroma cells (7). Interestingly, these mes-
enchymal stem/stroma cells form bone trabeculae in vivo only
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when they have developed hypertrophic structures in vitro
before implantation (7), indicating that the efficiency of bone
regeneration could be improved by promoting hypertrophic
maturation of chondrocytes in vitro. In the case of cartilage
regenerative medicine for treatment of cartilage defects, the
maturation processes in engineered chondrocytes must be
arrested because abnormally matured hypertrophic chondro-
cytes, expressing type X collagen, cause pathological conditions
(e.g osteoarthritis (OA)?) (8-10). In vitro, mesenchymal
stem/stroma cells rapidly express COLI0A1 in monolayer or
pellet culture before the cells demonstrate morphology of
hypertrophic chondrocytes, a phenomenon that is a major
problem of cartilage tissue engineering (11, 12), suggesting
that the mechanism by which mesenchymal stem/stroma
cells induce type X collagen is different from that in growth
plate chondrocytes. Importantly, it is largely unknown how
the expression of type X collagen is induced in degenerating
articular chondrocytes.

Both BMP and TGF-f3 signaling promote early chondrogen-
esis. Members of the TGF- family, including BMPs, transduce
signals through type Il and type I receptors to activate receptor-
regulated Smads (R-Smads). Upon ligand binding, TGE- type
I receptors activate Smad2/3, whereas BMP type I receptors
phosphorylate Smad1/5/8 in the cytoplasm. After forming a
trimeric complex with Smad4 (co-Smad), R-Smads translocate
into the nucleus to directly or indirectly regulate the transcrip-
tion of target genes (13). Forced expression of an extracellular
BMP-antagonist, Noggin (Nog), in chondrocytes in vivo showed
no cartilage formation in transgenic mice (14). Similarly, carti-
lage-specific combined loss of BMP type I receptors (Bmprla
and Bmprlb) or double deletions of BMP-type R-Smads
(Smad1 and Smad5) showed severely impaired chondrogenesis
in mice (15, 16). These mouse models clearly demonstrated the
critical roles of the BMP-Smad pathway in early chondrogene-
sis. TGF-B signaling promotes the early stage of chondrogene-
sis by enabling Smad3 to form an active transcriptional com-
plex with CEBP/p300 and Sox9 (17). However, at the late
maturation stage, BMP and TGF-f signaling show mutually
opposite roles in chondrocyte hypertrophy. BMP signaling
directly accelerates the expression of ColI0al in concert with
Runx?2 (18 -20), whereas the chondrocyte-specific expression
of constitutively active Bmprla promoted the maturation and
hypertrophy of chondrocytes in transgenic mice (21). An intra-
articular injection of BMP-2 in mice accelerated cartilage chon-
drocyte hypertrophy and endochondral ossification to form
osteophytes, a phenotype of OA (22). In contrast, loss of TGF-f8
signaling in the cartilage of mice, achieved by targeted ablation
of the Smad3 gene or forced expression of the dominant nega-
tive TGF- B type Il receptor, resulted in accelerated differentia-
tion of chondrocytes into hypertrophy coupled with an OA-like
destruction of cartilage (23, 24). Similarly, chondrocyte-specific
transgenic mice of Smurf2, an E3 ubiquitin ligase of the nega-
tive regulator for TGEF-f signaling, also showed an OA-like
change in articular cartilage with ectopic hypertrophic chon-
drocytes (25). These mouse models indicated an indispensable

2The abbreviations used are: OA, osteoarthritis; BMP, bone morphogenetic
protein; gPCR, quantitative PCR; E17.5, embryonic day 17.5.
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role of TGF-B signaling in preventing chondrocyte hypertro-
phy in articular cartilage, although the underlying molecular
mechanisms are unclear. Interestingly, Smad3-deficient chon-
drocytes showed enhanced BMP signaling and accelerated
hypertrophic differentiation in vitro, suggesting a role of endog-
enous TGF-f signaling in suppressing BMP signaling during
chondrocyte maturation (26). Taken together, promoting
TGEF-B signaling in maturing chondrocytes is a promising can-
didate approach to manipulate the differentiation to fine tune
chondrocyte hypertrophy. However, because TGE-f signaling
regulates a wide range of pivotal biological functions (e.g. cell
growth, differentiation, motility, extracellular matrix produc-
tion, and apoptosis) in various target cells, blocking of the entire
TGE-B signaling pathway might result in undesirable side
effects. Therefore, to eliminate these problems, the direct medi-
ator(s) induced by TGEF- signaling to inhibit BMP signaling in
maturing chondrocytes should be an appropriate molecular
target. Here, we show that SnoN is as a spatial and temporal
effector of TGF-B signaling to inhibit the BMP-Smad pathway
and, subsequently, chondrocyte hypertrophy.

EXPERIMENTAL PROCEDURES

Cell Culture—The chondrogenic cell line ATDC5 was
obtained from RIKEN BioResource Center. The cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)/
Ham’s F-12 (1:1) (Invitrogen) containing 5% fetal bovine serum
(FBS) and 100 units/ml penicillin G and 100 pg/ml streptomy-
cin. Differentiation of ATDCS5 cells was induced in serum-free
medium containing insulin/transferrin/selenium supplement
(Sigma) on collagen type I-coated culture plates (Iwaki). For
expression analysis of differentiation markers in ATDCS5 cells,
micromass culture was performed as previously described (27),
to accelerate maturation of chondrocyte differentiation. A
monolayer culture system was employed for analysis of phos-
phorylation of Smads by immunoblotting because the cell lysis
of micromass culture for cytoplasmic/nuclear protein was less
efficient, and in addition, these experiments were not intended
to evaluate the chondrogenic differentiation of early time
points but rather the intracellular signaling. Monolayer culture
was also performed for immunocytochemistry because of the
difficulty in identifying individual cells in the micromass cul-
ture. Primary chondrocytes were harvested from 4-day-old
mice of C57BL/6] background as described (28). Primary chon-
drocytes were induced to differentiate in a monolayer culture.
COS-7 cells were purchased from the RIKEN BioResource Cen-
ter and maintained in DMEM supplemented with 10% FBS and
antibiotics.

Ligands and Inhibitors—BMP-2 (Peprotech) was applied at a
concentration of 300 ng/ml, whereas TGF-B1 (Peprotech) was
used at 5 ng/ml. The day of the first ligand application was
referred to as day 0. SB431542 (Sigma) was applied at 1 um for
30 min prior to ligand stimulation, and DMSO was used as a
mock control. When indicated, cells were treated with a pro-
teasome inhibitor, MG132 (Merck), at 10 um 12 h prior to cell
lysis.

Bone Organ Culture—Metatarsal bone rudiments were har-
vested from C57BL/6] embryos at 17.5 days postcoitum (E17.5)
and cultured in DMEM supplemented with 10% FBS, 100

VOLUME 287-NUMBER 34+AUGUST 17, 2012






