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SUMMARY

Lysine-specific demethylase 1 (LSD1) has been
reported to repress and activate transcription by
mediating histone H3K4me1/2 and H3K9me1/2 de-
methylation, respectively. The molecular mechanism
that underlies this dual substrate specificity has re-
mained unknown. Here we report that an isoform of
LSD1, LSD1+8a, does not have the intrinsic capa-
bility to demethylate H3K4me2. Instead, LSD1+8a
mediates H3K9me2 demethylation in collaboration
with supervillin (SVIL), a new LSD1+8a interacting
protein. LSD1+8a knockdown increases H3K9me2,
but not H3K4me2, levels at its target promoters and
compromises neuronal differentiation. Importantly,
SVIL co-localizes to LSD1+8a-bound promoters,
and its knockdown mimics the impact of LSD1+8a
loss, supporting SVIL as a cofactor for LSD1+8a in
neuronal cells. These findings provide insight into
mechanisms by which LSD1 mediates H3K9me de-
methylation and highlight alternative splicing as a
means by which LSD1 acquires selective substrate
specificities (H3K9 versus H3K4) to differentially con-
trol specific gene expression programs in neurons.

INTRODUCTION

Histone modifications collectively contribute to chromatin tem-

plate-based nuclear events including gene expression (Jenu-

wein and Allis, 2001; Shi et al., 2004; Strahl and Allis, 2000).

Histone methylation, long considered to be permanent, has

been shown to be reversible by the discovery of the first histone

demethylase LSD1 (also known as KDM1A) (Shi et al., 2004).
M

LSD1 was initially identified as a component of an HDAC-con-

taining, transcriptional repressor complex (Ballas et al., 2001;

Shi et al., 2005). Consistent with its proposed repressive role,

LSD1was subsequently characterized as a histone demethylase

dedicated to removing mono- and di-methylation of histone H3

at lysine 4 (H3K4me1/2) (Shi et al., 2004), modifications that

are associated with active promoters and either latent or active

enhancers (Forneris et al., 2005; Rudolph et al., 2007; Shi

et al., 2004; Whyte et al., 2012). LSD1 also associates with nu-

clear hormone receptors (e.g., androgen receptor [AR] and

estrogen receptor [ER]) (Garcia-Bassets et al., 2007; Metzger

et al, 2005; Nair et al., 2010). Interestingly, during nuclear-recep-

tor-mediated gene expression, LSD1 appears to function as

a co-activator and mediate demethylation of the repressive

H3K9me2 mark (Garcia-Bassets et al., 2007; Metzger et al.,

2005; Nair et al., 2010; Perillo et al., 2008). However, at themech-

anistic level, it has remained unclear how LSD1 canmediate both

H3K4me and H3K9me demethylation, a scenario that is not

compatible with the LSD1-histone peptide co-crystal structure

(Forneris et al., 2006, 2007; Hou and Yu, 2010; Yang et al., 2006).

The LSD1 gene contains 19 exons that are highly conserved

among vertebrates. Through RNA alternative splicing, two addi-

tional exons, exon E2a and exon E8a, can be included in the

mature mRNA, generating four possible LSD1 isoforms, namely

the conventional LSD1, LSD1 plus exon E2a (LSD1+2a), exon

E8a (LSD1+8a), or both (LSD1+2a+8a). While the inclusion of

exon E2a can occur in all tissues, LSD1 transcripts containing

the 12-nt-long exon E8a (LSD1+8a) are essentially restricted

to the nervous system (Zibetti et al., 2010). In mouse neurons,

the LSD1+8a isoforms (LSD1+8a and LSD1+2a+8a) represent

a substantial proportion of the total pool of LSD1 transcripts

(30%–40%). During the perinatal period, LSD1+8a is the pre-

dominantly expressed form of LSD1 (Rusconi et al., 2014; Zibetti

et al., 2010). Multiple lines of evidence suggest an important role

for LSD1 in neural differentiation. For instance, knockdown or

overexpression of LSD1+8a isoforms in mouse cortical neurons,
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respectively, inhibits or enhances neurite morphogenesis, de-

monstrating their importance in the execution of the neuronal

program (Toffolo et al., 2014; Zibetti et al., 2010). Furthermore,

inhibition of LSD1 activity or knockdown of its expression leads

to a dramatically reduced proliferation of mouse neural stem

cells (NSCs) (Sun et al., 2010, 2011) and a decrease in the num-

ber of neurons in zebrafish due to an excessive apoptosis (Jie

et al., 2009). Finally, the LSD1/CoREST complex is essential

for the development of cortical neurons by controlling their ra-

dial migration (Fuentes et al., 2012). Although the role of LSD1

in neuronal differentiation was originally thought to be tied

to its repressive functions on several genes essential for the

neuronal phenotype (Andrés et al., 1999; Ballas et al., 2001; Ha-

kimi et al., 2002), LSD1 has also been proposed to function as

an activator of transcription (Metzger et al., 2005; Wang et al.,

2007), leading us to speculate that the LSD1+8a isoform

may be responsible for gene activation and possibly H3K9me2

demethylation.

Here we report that unlike the conventional LSD1, LSD1+8a

protein complex purified from neuronal cells exhibits robust

H3K9me2, but not H3K4me1/2, demethylase activity. Consis-

tently, LSD1+8a functions as a transcriptional co-activator

in vivo, and its knockdown is correlated with a rise in the

H3K9me2 but not H3K4me2 levels at its direct target genes.

We further identify the supervillin protein (SVIL) as a specific

LSD1+8a interacting partner. We demonstrate that SVIL protein

localizes to LSD1+8a target promoters and is important for

LSD1+8a-mediated H3K9me2 demethylation in vitro and

in vivo. We also demonstrate that both LSD1+8a and SVIL

are essential for neuronal maturation, possibly by working

together to activate target gene expression through H3K9me2

demethylation. Taken together, our findings identify a molecu-

lar mechanism by which LSD1 mediates H3K9me demethyla-

tion via a specific isoform in collaboration with other factors

including SVIL. Our findings also highlight RNA alternative

splicing as an important mechanism through which LSD1 can

acquire histone substrate specificity and therefore differentially

controlling specific gene expression programs during neuronal

differentiation.
Figure 1. LSD1+8a Is Essential for Neuronal Maturation of SH-SY5Y C

(A and B) SH-SY5Y cells were induced to differentiation.

(A) mRNA levels of LSD1-8a and LSD1+8a isoforms were measured by RT-qPCR

SEM from at least five independent experiments. (**) p % 10�4; (*) p % 0.002.

(B) Protein levels were analyzed with a LSD1+8a-specific antibody and a LSD1 a

(C–H) Stable SH-SY5Y cells infected with control or LSD1+8a shRNA were induc

(C) LSD1+8a and total LSD1 isoforms mRNA levels were measured by RT-qPCR a

SEM from at least three independent experiments. (**) p % 10�4; (*) p % 0.01.

(D) Protein levels of SH-SY5Y cells at day B3 of differentiation were analyzed wit

isoforms.

(E–G) The cell phenotypes were examined (E) with phase-contrast microscopy at

and number; results are indicated as mean ± SEM, (**) p% 10�5 (*) p% 0.01, and (

bar, 100 mm).

(H) mRNA levels of NCAM and MAP2 were measured by RT-qPCR and norma

independent experiments. (**) p % 0.003 (*) p % 0.01.

(I and J) SH-SY5Y cells stably expressing LSD1+8a or the catalyticmutant LSD1+8

with phase-contrast microscopy at day B3 (scale bar, 100 mm) and evaluated (J) b

SEM (**) p % 10�5; NS, non-specific.

(K) Protein levels were analyzed with a LSD1+8a specific antibody.

See also Figure S1.

M

RESULTS

LSD1+8a Is Essential for Neuronal Maturation
The expression of the LSD1+8a isoforms (LSD1+8a and

LSD1+2a+8a) is regulated during mouse brain development

(Zibetti et al., 2010). We asked whether LSD1+8a expression

was also dynamically regulated during human neuronal differen-

tiation using SH-SY5Y cells, which are human neuronal cells

derived from neuroblastoma. Sequential exposure of these cells

to retinoic acid (RA) for 4 days (day D0 to D4) and then to brain-

derived neurotrophic factor (BDNF) in a serum-free medium

for 5 days (day D4/B0 to B5) yields a homogeneous population

of differentiated neuronal cells that possessmany features of pri-

mary neurons (Figure S1A) (Encinas et al., 2000; Le et al., 2009).

While exposure of SH-SY5Y cells to RA slightly reduced the level

of both types of LSD1 transcripts (LSD1-8a and LSD1+8a),

BDNF treatment increased the expression level of LSD1+8a

isoforms more than that of LSD1-8a isoforms between day B0

and B5 (3.85 ± 0.3 versus 1.47 ± 0.15) (Figure 1A). At day B3 of

differentiation, when an extensive neurite outgrowth became

apparent, LSD1+8a transcripts represented almost 40%

(38.3% ± 5.1%) of the total LSD1 mRNA level (Figure S1B, right

panel). The level of the LSD1+8a transcripts is strongly corre-

lated with that of the LSD1+8a proteins during neuronal matura-

tion (Figure 1B). Consistent with the previous study conducted in

mouse (Zibetti et al., 2010), these results suggest a potentially

important function for the LSD1+8a isoforms in human neuronal

differentiation.

To address this possibility further, we first established SH-

SY5Y cell lines stably expressing either control short hairpin

RNA (shRNA) or a shRNA against the neuro-specific exon E8a

and performed differentiation assays. The increase of LSD1+8a

expression during neuronal differentiation was abrogated by

the LSD1+8a shRNA, compared with the control shRNA (Figures

1C and 1D). The LSD1+8a shRNA appeared to be specific to the

LSD1+8a isoforms, as it did not affect the level of LSD1-8a iso-

forms (Figures 1D, S1C, and S1D). In response to differentiation

cues, SH-SY5Y cells stop proliferating (day D0 to D4) to become

a stable population that shows extensive neurite outgrowth
ells

and normalized to that of GAPDH. Results for mRNA data are shown as mean ±

ntibody that recognizes all LSD1 isoforms.

ed to differentiation.

nd normalized to that of GAPDH. Results for mRNA data are shown as mean ±

h a LSD1+8a-specific antibody and a LSD1 antibody that recognizes all LSD1

day B3 (scale bar, 100 mm) and evaluated (F) by quantification of neurite length

G) by immunostaining for the neuronmarker BIII tubulin (TBB3) at day B5 (scale

lized to that of GAPDH and are shown as mean ± SEM from at least three

a K665Awere induced to differentiation. The cell phenotypeswere examined (I)

y quantification of neurite length and number; results are indicated as mean ±
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(day B0 to B5). We observed no significant differences in cell

growth by day D4/B0 of differentiation between cells infected

either with control or LSD1+8a shRNA (Figure S1E). However,

between days B0 and B5, inhibition of expression of the

LSD1+8a isoforms strongly reduced the neurite outgrowth

(92 ± 27 mm versus 51 ± 15 mm at day B3) (Figures 1E and 1F),

consistent with the previous findings that LSD1+8a is involved

in neurite morphogenesis (Zibetti et al., 2010). We then per-

formed immunofluorescent stainings at day B5, using antibodies

against the mature neuron marker BIII tubulin (TBB3). As shown

in Figure 1G, the LSD1+8a knockdown cells displayed strong ab-

normalities in the establishment of the neurite network. Further-

more, inhibition of the LSD1+8a isoforms significantly reduced

the expression of NCAM and MAP2, two additional markers for

mature neurons (Figure 1H).

To determine whether dynamic expression of LSD1+8a iso-

forms during human neuronal differentiation is a general phe-

nomenon, we also examined LSD1+8a expression in the human

iNGN cell line, which is a human induced pluripotent stem cell

line with an integrated copy of doxycycline-inducible neurogenin

1 and neurogenin 2 genes (Busskamp et al., 2014). Induction of

neurogenin 1 and 2 expression by doxycycline yields a homoge-

neous population of differentiated neuronal cells in 4 days, with a

significantly more elevated LSD1+8a expression than that of the

conventional LSD1, at both mRNA and protein levels (Figures

S1F and S1G). Moreover, inhibition of expression of LSD1+8a

isoforms also strongly reduced neurite outgrowth (99 ± 37 mm

versus 49 ± 13 mm at day B3) (Figures S1H–S1K), consistent

with our findings obtained with the SH-SY5Y cell line.

We next asked whether LSD1+8a enzymatic activity was

important for neuronal differentiation. Inhibition of LSD1 deme-

thylase activity by a LSD1 inhibitor (S2101 inhibitor; Millipore)

strongly reduced neurite outgrowth (98 ± 32 mm versus 58 ±

18 mm at day B3) (Figures S1L and S1M). We next evaluated neu-

ritemorphogenesis of SH-SY5Ycell lines stably expressing either

LSD1+8a or its catalytic mutant, LSD1+8a K665A (Figure 1K). We

focused on the specific LSD1+8a isoform because this splice

variant is predominantly expressed in SH-SY5Y neuronal cells

compared to that of LSD1+2a+8a (data not shown). Consistent

with the previous findings (Toffolo et al., 2014; Zibetti et al.,

2010), overexpression of the LSD1+8a isoform led to increased

neurite outgrowth (120 ± 42 mm for SH-SY5Y cells overexpress-

ing LSD1+8a versus 92 ± 27 mm for SH-SY5Y cells at day B3 of

differentiation) (Figures 1F and 1J). Interestingly, overexpression

of the LSD1+8a catalytic mutant strongly reduced neurite mor-

phogenesis at day B3 (120 ± 42 mm versus 64 ± 19 mm) (Figures

1I and 1J), suggesting that the catalytic mutant may act in a do-

minant negative manner. This finding further suggests that the

enzymatic activity of LSD1+8a is necessary for neuronal develop-

ment. Taken together, these findings suggest that the neuro-spe-

cific LSD1+8a isoform is essential for differentiation of SH-SY5Y

cells and that its enzymatic activity is required for this biological

process.

LSD1+8a Mainly Functions as an Activator of Its
Target Genes
To address the underlying molecular mechanisms of how

LSD1+8a regulates neuronal differentiation, we set out to identify
960 Molecular Cell 57, 957–970, March 19, 2015 ª2015 Elsevier Inc.
direct target genes of LSD1+8a by chromatin immunoprecipita-

tion sequencing (ChIP-seq), using a general LSD1 antibody that

recognizes both the conventional and the neuro-specific iso-

forms (LSD1-8a and LSD1+8a isoforms, respectively) and a

LSD1+8a antibody that specifically recognizes the LSD1+8a iso-

forms. ChIP experiments were performed on SH-SY5Y cells at

day B3 of differentiation, when the level of LSD1+8a expression

is high (Figures 1A and 1B) and the neurite morphogenesis is in

progress (Figure 1E). We found all LSD1 isoforms significantly

enriched at the promoters of their target genes at around TSS

(13.6% versus 2.9%; p < 10�4) (Figures 2A–2C). LSD1+8a iso-

forms also appeared to bind to the promoter regions of its targets

(46.6% versus 2.9%; p < 10�4) and, to a less extent, exons (5.7%

versus 1.9; p < 10�4) (Figure 2A).

To identify the gene expression network regulated by

LSD1+8a, we next performed microarray analysis and found

an upregulation and downregulation of 247 and 1,354 genes,

respectively, upon LSD1+8a inhibition in the differentiated

SH-SY5Y cells (day B3). The preponderance of downregulated

genes (1,354) suggests that LSD1+8a could function as a co-

activator during neuronal differentiation. These downregulated

genes were enriched for mitosis or microtubule cytoskeleton or-

ganization pathways, which are important for neurogenesis (Fig-

ure S2A). However, only 14.2%of these genes are directly bound

by LSD1+8a (Figure S2B), suggesting that inhibition of LSD1+8a

both directly and indirectly affects the expression of genes

important for the neuronal differentiation. To better determine

the precise functions of LSD1+8a during neurogenesis, we

next made use of the published expression microarray data of

SH-SY5Y cells undergoing neuronal differentiation (Nishida

et al., 2008). We found that between days B0 and B3 of differ-

entiation, target genes of the LSD1 isoforms, LSD1-8a and

LSD1+8a, were either upregulated or downregulated. We

noticed a slight binding preference of LSD1 (LSD1-8a and

LSD+8a) for the activated genes than to the repressed genes

(2.60 versus 1.75) (Figure 2D, left panel), while the LSD1+8a iso-

forms exhibited a stronger preference for genes, which were up-

regulated during neuronal maturation (Figure 2D, right panel).

These activated genes were functionally enriched for pathways

critical for neurogenesis (Figure 2E), and the promoters of

LSD1+8a-bound activated genes were significantly enriched

for nuclear receptor-binding motifs (Figure S2C). Importantly,

knockdown of LSD1+8a reduced the transcription of the upregu-

lated target genes, but not those target genes whose transcrip-

tion remains unchanged or decreased during neuronal differen-

tiation (Figures 3 and S2D). Collectively, our data suggest that

LSD1+8a mainly functions as a transcriptional co-activator dur-

ing neuronal differentiation.

LSD1+8a Mediates H3K9me2 Demethylation In Vitro
and In Vivo
To further investigate the co-activator function of LSD1+8a, we

performed additional ChIP-seq experiments on SH-SH5Y cells

at day B0 of differentiation, when LSD1+8a expression is low

and its inhibition largely does not affect the transcription of its

target genes (Figures 1A, 1B, and 3). While LSD1 binding mainly

occurred at promoters at day B0 of differentiation (Figures S2E

and S2F), we were unable to detect any specific binding of the



Figure 2. LSD1+8a Mainly Binds the Pro-

moters of Genes Activated during Neuronal

Differentiation

(A) Genomic distribution of LSD1 (20,748) and

LSD1+8a (3,378) binding sites in SH-SY5Y cells

at day B3 of differentiation. (*) p % 10�4 assessed

using one-sided binomial test.

(B) Normalized LSD1 and LSD1+8a tag density

distribution at all genes’ promoters, in a relative

distance of 5,000 bp from the TSS (left panel).

Heatmap analysis of LSD1 and LSD1+8a distribu-

tion at promoter regions, in a relative distance of

10 kb from the TSS (right panel).

(C) Venn diagram showing the overlap between

LSD1 and LSD1+8a peaks in the SH-SY5Y cells at

day B3 of differentiation. p% 10�4 assessed using

hypergeometric test.

(D) LSD1 and LSD1+8a binding site enrichment

for genes upregulated (up), downregulated

(down) or with stable expression (no change)

during neuronal differentiation of SH-SY5Y cells.

Odds ratios were calculated by comparing

the expression levels of LSD1 and LSD1+8a

targets from day B0 to B3 of differentiation. (*)

p % 10�4.

(E) Gene ontology analysis of LSD1+8a target

genes upregulated during neuronal differentiation.

See also Figure S2.
LSD1+8a isoform at this stage. The conventional LSD1 is largely

bound to LSD1+8a target promoters before differentiation

(day B0) (Figure S2G), suggesting that a switch of LSD1 isoforms

may occur during neuronal differentiation to promote gene acti-

vation. This finding further suggests that LSD1-8a and LSD1+8a

isoforms could differentially affect the epigenetic landscape and

therefore expression of their respective target genes.

To explore themolecular mechanisms by which LSD1+8a pro-

motes transcription, we next performed demethylation assays on

peptides and histones using recombinant LSD1 and LSD1+8a

purified from insect cells (Figures 4A and 4B). While conventional

LSD1 demethylated H3K4me2 as expected, LSD1+8a was

unable to remove methyl groups from either H3K4me2 or

H3K9me2 peptides and from histones purified from HeLa cells.

Similar results were obtained using recombinant LSD1 proteins

purified from bacteria (Figure S3A).

What might be the reason for the apparent inactivity of

LSD1+8a in vitro? The recombinant LSD1+8a isoform appears

to be stable (Figure S3B) and probably not misfolded, judging

from the gel filtration chromatography elution profiles (Fig-

ure S3C). Given that LSD1+8a function requires its catalytic ac-

tivity, the failure to demethylate H3K4me or H3K9me suggests

that additional cofactors and/or post-translational modifications

might be required for its enzymatic activity. To address this pos-

sibility, we performed in vitro demethylation assays using TAP-

tagged LSD1 and LSD1+8a complexes purified from SH-SY5Y

cells. We found that the TAP-LSD1 complex demethylated

H3K4me2 in vitro as expected. Importantly, the TAP-LSD1+8a

complex, but not the LSD1+8a catalytic mutant complex,

removedmethyl groups onH3K9 (but not H3K4) (Figure 4C), indi-
M

cating that the demethylation was mediated by LSD1+8a itself

and not an associated histone demethylase. The specificity of

histone H3K9me demethylation mediated by LSD1+8a was

further confirmed by mass spectrometry analysis (Table S1).

As an important control, the conventional LSD1 complex puri-

fied from SH-SY5Y cells showed no activity toward H3K9me2

(Figure 4C). Taken together, these findings indicate that the

H3K9me2 demethylase activity exhibited by the LSD1+8a com-

plex is intrinsic to the LSD1+8a isoform.

To determine whether LSD1+8a regulates its target genes by

demethylating H3K9me in vivo, we performed ChIP-qPCR ex-

periments using SH-SY5Y cells expressing either control or

LSD1+8a shRNA, before and during the neuronal maturation

(day B0 and day B3, respectively). We found that inhibition of

LSD1+8a isoform increased the H3K9me2 level at its target

genes that are upregulated during neuronal development (Fig-

ure 4D and Figure S3D). No significant changes were observed

for the H3K4me2 level at the same target promoters. Similar re-

sults were obtained using the iNGN cells (Figure S3E). We next

investigated the impact of LSD1+8a inhibition on H3K9me2 at

the genome-wide level by performing ChIP-seq experiments

on SH-SY5Y cells expressing either control or LSD1+8a shRNA,

at day B0 and B3 of differentiation. In agreement with previous

reports (Chandra et al., 2012), we found a lower abundance of

H3K9me2 at around the TSS compared to the gene body, both

before and during differentiation (Figures S3F and S3G). Notably,

inhibition of LSD1+8a specifically increased the H3K9me2 level

at its upregulated target genes at day B3 but not at day B0 of dif-

ferentiation (Figure 4E), suggesting that LSD1+8a regulates local

changes of H3K9me2 at its target promoters rather than a global
olecular Cell 57, 957–970, March 19, 2015 ª2015 Elsevier Inc. 961



Figure 3. Inhibition of LSD1+8a Isoforms Decreases the Expression of Its Target Genes Upregulated during Neuronal Maturation

Stable SH-SY5Y cells infected with control or LSD1+8a shRNA were induced to differentiation. Two groups of LSD1+8a target genes were studied: target

genes upregulated (left panel) and target genes with a stable or downregulated expression (right panel) between days B0 and B3 of differentiation. For

each target, ChIP-seq signal profiles at day B3 of differentiation are shown (top part). LSD1+8a ChIP-seq profiles from both SH-SY5Y cells infected with

(legend continued on next page)
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change in epigenetic repression during neuronal differentiation.

Collectively, our data suggest that LSD1+8a functions as an

H3K9me demethylase to promote transcription of its target

genes during neuronal differentiation.

LSD1+8a Interacts with the SVIL Protein
As discussed above, the fact that only the LSD1+8a complex but

not the recombinant LSD1+8a protein mediated H3K9 demethy-

lation suggests that LSD1+8a may require additional cofactors

for H3K9me demethylation. To investigate, TAP-LSD1+8a com-

plexwas purified at different times of differentiation and analyzed

by mass spectrometry. Apart from the known interacting pro-

teins including CoREST and HDACs, we identified the Supervillin

(SVIL) protein as a potentially new LSD1+8a-associated partner

(Table 1). We confirmed the interaction of SVIL with the LSD1+8a

isoform by western blot analysis, by endogenous co-immu-

noprecipitation, and by purification of the TAP-SVIL complex in

SH-SY5Y cells (Figures 5A and 5B and Table S2, respectively).

SVIL belongs to the gelsolin gene family, which encodes a

number of actin-binding proteins (ABPs). These proteins have

been shown to control important actin-dependent functions in

the cytoplasm, such as cell division, mobility, and morphology

(Bhuwania et al., 2012; Fang et al., 2010; Smith et al., 2010).

However, these ABPs also have specific nuclear functions

such as nuclear transport, structural maintenance, and regula-

tion of transcription (Ting et al., 2002; Wulfkuhle et al., 1999). In

the nucleus, ABPs interact with nuclear receptors (e.g., AR and

ER) through their steroid-receptor-binding domain (Figure S4A)

(Archer et al., 2005). SVIL has been reported to be an AR-inter-

acting protein that functions as a co-activator of AR-mediated

transcription by an unknown molecular mechanism (Ting et al.,

2002). To investigate whether SVIL functions as a cofactor for

LSD1+8a during neuronal differentiation, we first confirmed

that SVIL protein was present in the nucleus of SH-SY5Y cells

(Figure S4B). We next asked whether SVIL specifically associ-

ated with LSD1+8a isoform. To address this question, we stably

overexpressed Flag/HA-tagged LSD1-8a, LSD1+8a, LSD1+8a

phospho-mimetic (T371D), and phospho-defective (T371A)

mutants in SH-SY5Y cells and then performed Flag immunopre-

cipitations (Figure 5C). Importantly, SVIL protein specifically

associated with LSD1+8a, but interestingly, single mutations

(T371D or T371A) within exon 8a did not disturb this interaction

(Figure 5C). We then attempted to identify the region within

SVIL that is responsible for LSD1+8a binding and found the ste-

roid-receptor-binding domain of SVIL was sufficient for its inter-

action with LSD1+8a (Figure S4C).

SVIL Is Essential for Neuronal Maturation
To further address the potential cofactor function of SVIL, we first

analyzed SVIL expression during neuronal differentiation. In SH-

SY5Y cells, SVIL expression is strongly elevated after exposure

to RA (day D0 to B0) and then progressively decreased during

neuronal maturation (Figure 5D). Differentiation of the iNGN cells
control or LSD1+8a shRNA are shown. Peak calling track is displayed (b

and normalized to that of GAPDH (bottom part). Results for mRNA data are

p % 0.001, (**) p % 0.01, and (*) p % 0.025.

See also Figure S2.

M

also strongly induced SVIL expression, which remained stable

during maturation (Figure S4D). We next investigated SVIL role

during neuronal differentiation but were unable to establish a

SVIL knockdown SH-SY5Y cell line (data not shown), consistent

with a previous report showing that SVIL is essential for cell sur-

vival (Fang and Luna, 2013). To overcome this, we inhibited SVIL

expression while SH-SY5Y cells were undergoing differentiation

upon RA treatment, which drastically slows down SH-SY5Y pro-

liferation (days D2/D3 of treatment). Under this condition, cell

survival and differentiation were possible, and as shown in Fig-

ures 5E–5F, SVIL expression was reduced at mRNA and protein

levels, respectively (Figures 5E and 5F). Importantly, inhibition of

SVIL expression significantly reduced neurite outgrowth (92 ±

26 mm versus 53 ± 13 mm at day B3) (Figures 5G and 5H) and

consistently also reduced the expression of NCAM and MAP2,

similar to that of inhibition of LSD1+8a (Figure 5I). Comparable

results were also obtained with the siRNA-mediated inhibition

of SVIL expression during differentiation of the iNGN cells (Fig-

ures S4E–S4I). Taken together, these findings show that SVIL

protein plays a role similar to that of LSD1+8a during neuronal

differentiation and are consistent with our hypothesis that SVIL

may function as a cofactor for LSD1+8a in neurons.

SVIL Controls LSD1+8a-Mediated H3K9 Demethylation
To investigate the molecular functions of SVIL, we determined

the genomic location of SVIL in the SH-SY5Y cells at day B3 of

differentiation by ChIP-seq. We found that SVIL bound pro-

moters at and around the TSS (Figures S5A and S5B), and impor-

tantly, 20% of the SVIL peaks showed an overlap with the

LSD1+8a peaks (Figure S5C). SVIL preferentially bound the pro-

moters of genes that were upregulated rather than downregu-

lated during neuronal differentiation (Figures S5D and S5E),

similar to that of LSD1+8a (Figure 2D). These findings further

support our hypothesis that SVIL functions as a cofactor for

LSD1+8a.

As a cofactor for LSD1+8a, is SVIL sufficient to enable

LSD1+8a-mediated H3K9 demethylation? To address this ques-

tion, we performed in vitro demethylation assays on histones us-

ing recombinant SVIL and LSD1+8a purified from insect cells.

The addition of recombinant SVIL purified from insect cells or

Flag-tagged SVIL purified from SH-SY5Y cells failed to reconsti-

tute LSD1+8a-mediated H3K9me2 demethylation in vitro (Fig-

ures 6A and S5F). Notably, inclusion of purified SVIL in this assay

inhibited LSD1-mediateddemethylation ofH3K4me2 (Figure 6A).

We next carried out in vitro demethylation assays using recom-

binant LSD1, LSD1+8a, and LSD1+2a+8a isoforms purified

from insect cells, mixed in with nuclear extracts prepared from

SH-SY5Y cells that either express or don’t express Flag-tagged

SVIL. We found that addition of the nuclear extract expressing

Flag-SVIL, LSD1+8a, but not the conventional LSD1, facilitated

LSD1+8a-mediated H3K9me2 demethylation. Under the same

assay conditions, LSD1+2a+8a also mediated H3K9me2 de-

methylation, consistent with the idea that exon 8a plays an
lack boxes); mRNA levels of target genes were measured by RT-qPCR

shown as mean ± SEM from at least three independent experiments. (***)
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Figure 4. LSD1+8a Demethylates H3K9me2 In Vitro and In Vivo

(A) Histone demethylase activity of LSD1 and LSD1+8a proteins purified from sf9 insect cells, on H3K4me2 and H3K9me2 peptides (residues 1 to 21 of histone

H3 tail). Activity was examined by MALDI-TOF mass spectrometry.

(B) Histone demethylase assay on calf histones with LSD1 and LSD1+8a proteins purified from sf9 insect cells. Histone lysates were analyzed by western blotting

as indicated.

(legend continued on next page)
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Table 1. LSD1+8a Complexes Purification

D0 B0 B1

KDM1A 307 364 285

ZMYM2 37 42 36

GSE1 46 44 26

HDAC2 42 40 35

RCOR2 24 16 10

HSP90A 13 7 9

HSP90B 13 6 7

RCOR3 34 33 28

RCOR1 32 24 27

HDAC1 20 20 17

CH60 7 2 1

ZNF516 10 11 10

PHF21A 13 9 16

HMG20B 14 8 12

CTBP1 9 12 9

SVIL 1 2 15

Total peptide numbers of proteins found by MS/MS analysis of the Flag-

LSD1+8a complexes purified from SH-SY5Y cells at different times of

neuronal differentiation (i.e., day D0, B0, and B1). A summary of the com-

ponents previously identified in LSD1 complex is shown in addition to the

new LSD1+8a partner, the supervillin protein (SVIL).
important role in LSD1-mediated H3K9me2 demethylation (Fig-

ure 6B). Importantly, nuclear extracts alone showed no detect-

able H3K9me2 demethylation activity (Figure 6B). Furthermore,

TAP-tagged LSD1+8a complex purified from SH-SY5Y cells in

which SVIL was knocked down showed a reducedH3K9me2 de-

methylase activity (Figure S5G).

We then asked whether SVIL regulates H3K9 methylation at

LSD1+8a target genes in vivo. We performed ChIP-qPCR and

found that inhibition of SVIL increased the H3K9me2 level at

the LSD1+8a-upregulated target genes (Figure 6C). In contrast,

no significant changes were observed for the H3K4me2 level

at the same target promoters. These findings support the

in vitro finding that SVIL plays a role in LSD1+8a-mediated

H3K9 demethylation. We additionally found that, similar to

knockdown of LSD1+8a, knockdown of SVIL also reduced the

expression of the LSD1+8a target genes, which are upregulated

during differentiation, but had no effects on LSD1+8a target

genes showing no changes in their expression during normal dif-

ferentiation (Figure 6D). Similar results were obtained using iNGN

cells (Figures S5H and S5I), confirming that inhibition of SVIL re-

sulted in an increase in the H3K9me2 level at LSD1+8a target
(C) Histone demethylase assay on calf histones with LSD1 complexes purified fr

catalytic mutant LSD1+8a K665A. Protein complexes were purified on FLAG tag

(D) ChIP-qPCR analysis of H3K4me2 and H3K9me2 levels at the promoters of L

shRNA were induced to differentiation. Experiments were performed before and

globulin (B2M) promoter was used as a control. Results are shown as the relativ

experiments. (**) p % 0.006; (*) p % 0.03.

(E) Normalized H3K9me2 tag density at LSD1+8a target promoters, in a relative d

infected with control or LSD1+8a shRNA, at day B0 and B3 of differentiation (lef

See also Figure S3 and Table S1.

M

genes and a decrease in their expression. Collectively, these

findings show that SVIL regulates LSD1+8a-mediated H3K9 de-

methylation and neuronal differentiation.

DISCUSSION

The early structure work on LSD1 provided a molecular basis for

how LSD1 mediates demethylation of H3K4me1/2 but not

H3K9me1/2 (Forneris et al., 2006, 2007; Hou and Yu, 2010;

Yang et al., 2006). Therefore, it has remained an enigma how

LSD1 mediates both H3K4me1/2 and H3K9me1/2 demethyla-

tion. The main finding of this study is that the specific LSD1+8a

isoforms (containing an extra 4-aa-long exon E8a) mediate

H3K9me demethylation (Figure 6B). Importantly, our data show

that LSD1+8a alone is not sufficient to mediate H3K9me1/2 de-

methylation (Figures 4A and 4B); however, the LSD1+8a protein

complex, but not the complex of the conventional LSD1, purified

from SH-SY5Y cells, is capable of specifically demethylating

H3K9me2 (Figure 4C), indicating that additional cofactors are

required for the demethylase activity of LSD1+8a. We identified

SVIL as a new LSD1+8a-interacting protein, which is necessary

for LSD1+8a-mediated H3K9me2 demethylation both in vitro

and in vivo. We speculate that the inclusion of this additional

mini-exon may have created a docking site that facilitates

LSD1+8a/SVIL interaction.

Interestingly, the fact that only the nuclear extract expressing

SVIL, but not recombinant SVIL alone, reconstitutes LSD1+8a-

mediated H3K9me2 demethylase activity in vitro suggests that

additional cofactors and/or neuro-specific posttranslational mo-

difications of SVIL may be required. One possible auxiliary factor

could be Proline-, glutamic acid-, and leucine-rich protein-1

(PELP1), which acts as a co-activator of several nuclear recep-

tors including ER and AR (Nair et al., 2007; Vadlamudi et al.,

2001) and can promote LSD1-mediated H3K9me demethylation

(Nair et al., 2010). However, whether PELP1 is involved in the

LSD1+8a/SVIL interaction and LSD1+8a-mediated H3K9 deme-

thylation remains to be determined. As SVIL interacts with nu-

clear receptors (Archer et al., 2005), another possibility is that

H3K9 demethylase activity of LSD1+8a could be due to a coop-

erative and ligand enhancement effect between SVIL and nu-

clear receptors. Consistently, the promoters of LSD1+8a-bound

activated but not repressed genes were significantly enriched for

nuclear receptor-binding motifs (Figure S2C).

The inclusion of exon E8a not only allows LSD1 to gain

H3K9me demethylation capability but also seems to compro-

mise its ability to demethylate H3K4 in vitro. How does this addi-

tional exon affect LSD1’s enzymatic activity toward H3K4me?

The crystal structure of LSD1+8a revealed that exon E8a, which
om SH-SY5Y cells stably expressing Flag-HA-tagged LSD1, LSD1+8a, or the

and analyzed by western blotting as indicated.

SD1+8a target genes. Stable SH-SY5Y cells infected with control or LSD1+8a

during the neuronal maturation (day B0 and day B3, respectively). b2 micro-

e fold enrichment over the input (mean ± SEM) of at least three independent

istance of 5,000 bp from the TSS. Tag densities are shown for SH-SY5Y cells

t and right panels, respectively).
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Figure 5. SVIL Is Essential for Neuronal Maturation

(A) SH-SY5Y cells stably expressing Flag/HA-tagged LSD1+8a were induced to differentiation. LSD1+8a was immunoprecipitated at day B0 and B1 using a Flag

antibody, followed by western blotting as indicated.

(B) SH-SY5Y cells were induced to undergo differentiation, and cellular extracts of cells at day B3 of differentiation were immunoprecipitated with a LSD1+8a-

specific antibody, followed by western blotting as indicated.

(C) Cellular extracts of SH-SY5Y cells stably expressing Flag/HA-tagged LSD1-8a, LSD1+8a, LSD1+8a T371D phospho-mimetic mutant, and LSD1+8a T371A

phospho-defectivemutantwere immunoprecipitatedwith a Flag antibody, followedbywestern blotting as indicated. In the top panel, LSD1+8awestern blot is shown

with twoexposures,one lowandonehigh. TheLSD1+8aspecificantibodywasgeneratedagainst theexon8aand thereforedoesnot recognize theLSD1+8amutants.

(D) SH-SY5Y cells were induced to undergo differentiation. Protein levels were analyzed with a SVIL antibody.

(E–I) SH-SY5Y cells were induced to differentiation and infected at day D2 with control or SVIL shRNA.

(E) SVIL mRNA level was measured by RT-qPCR and normalized to that of GAPDH. Results for mRNA data are shown as mean ± SEM from at least three

independent experiments. (**) p % 0.001.

(F) Protein levels at day B3 of differentiation were analyzed with a SVIL antibody. Actin was used as a loading control.

(G and H) (G) The cell phenotypes were examined with phase-contrast microscopy at day B3 (scale bar, 100 mm) and evaluated (H) by quantification of neurite

length and number; results are indicated as mean ± SEM (**) p % 10�5; NS, non-specific.

(I) NCAM andMAP2mRNA levels were measured by RT-qPCR and normalized to that of GAPDH. Results for mRNA data are shown as mean ± SEM from at least

three independent experiments. (**) p % 0.003, (*) p % 0.01.

See also Figure S4 and Table S2.
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Figure 6. SVIL Regulates LSD1+8a-Mediated H3K9me2 Demethylation In Vitro and In Vivo

(A) Histone demethylase assay on calf histones with LSD1, LSD1+8a, and SVIL proteins purified from sf9 insect cells. Histone lysates were analyzed with

H3K4me2, H3K9me2 and H3 antibodies.

(legend continued on next page)
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is located within the amine oxidase domain, did not disturb the

overall conformation, which is very similar to that of the conven-

tional LSD1 protein (Zibetti et al., 2010). A computational study

showed that the entrance of the H3 pocket is gated by the ‘‘lysine

triad’’ of residues K355, K357, and K359, which are helped by the

residues D375, E376, and E379 (Baron and Vellore, 2012a, b).

The inclusion of exon E8a at position 369 may disturb the triad

gatemotions and therefore affects LSD1 substrate specificity to-

ward H3K4me.

The idea that specific isoforms of LSD1 play a role inmediating

H3K9me2 demethylation is appealing given that structural

studies do not support the possibility that the conventional

LSD1 itself could function as an H3K9me2 demethylase (Forneris

et al., 2006, 2007; Hou and Yu, 2010; Yang et al., 2006). It will be

interesting to determine which LSD1 isoforms are operating in

prostate cells where LSD1 was first reported to also be an

H3K9me2 demethylase (Metzger et al., 2005), especially given

that the neuronal-cell-enriched LSD1+8a isoform is also ex-

pressed in testis (Zibetti et al., 2010). Furthermore, LSD1+8a

isoforms may also be expressed in other biological contexts

and/or in response to developmental or environmental stimuli,

where it may function to promote gene transcription bymediating

H3K9me2 demethylation. Regardless, our findings revealed an

isoform and cofactor-dependent role in regulating the substrate

specificity of LSD1, thus suggesting that alternative splicing pro-

vides a mechanism by which LSD1 can acquire dual substrate

specificities. Given the central role of LSD1 in regulating gene

expression, modulation of LSD1 pre-mRNA splicing could offer

a promising therapeutic option to reprogramming the cell pheno-

type in brain cancers and neurodegenerative diseases.

EXPERIMENTAL PROCEDURES

Cell Culture and Viral Transduction

SH-SY5Y and HEK293T cells were maintained in DMEM containing 4,500mg/l

glucose, 10% heat-inactivated fetal bovine serum, 110 mg/l sodium pyruvate,

2 mM L-glutamine, and 1% penicillin-streptomycin. For differentiation, SH-

SY5Y cells were seeded onto collagen-coated plates at an initial density of

104 cells/cm2. RA (Sigma) was added at a final concentration of 10 mM the

next day after plating. After 4 days, the cells were washed three times with

PBS and incubated with 50 ng/ml of BDNF (Millipore) in serum-free medium

for 5 days. The iNGN cells were maintained on a Matrigel hESC-qualified

matrix (BD Biosciences) in mTeSR media (StemCell Technologies). For

passaging, cells were dissociated using TrypLE Express (GIBCO) and replated

usingmTeSR supplementedwith 3 mg/ml of InSolution Y-27632 Rho-kinase in-

hibitor (Millipore). For differentiation, cells were induced with 1 mg/ml of doxy-

cycline (Sigma).

Lentiviruses were produced by cotransfection of the lentiviral plasmid with

helper vectors (pHDM-VSV-G, pHDM-tat1b, pHDM-HgPM2, and pRC-CMV-

RaII) into HEK293T cells, and viral supernatants were collected after 60–
(B) Histone demethylase assay on calf histones with LSD1, LSD1+8a, and LSD1+2

SY5Y cells overexpressing or not Flag-tagged SVIL. Histone lysates were analyz

(C and D) SH-SY5Y cells were induced to differentiation and infected at day D2 w

neuronal maturation (day B0 and day B3, respectively).

(C) ChIP-qPCR analysis of H3K4me2 and H3K9me2 levels at the promoters of LS

Results are shown as the relative fold enrichment over the input (mean ± SEM) of

specific.

(D) mRNA levels of LSD1+8a target genes weremeasured by RT-qPCR and norma

at least five independent experiments. (**) p % 0.006; (*) p % 0.01.

See also Figure S5.
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72 hr. Cells infectedwith lentiviral shRNAs or expression vectors were selected

after transduction with 1 mg/ml puromycin.

Immunoprecipitation, Tandem Affinity Purification, and Mass

Spectrometry

For immunoprecipitation assays, cell extracts from 107 cells were incubated

with 2 mg of antibodies—i.e., FLAG M2 (F1804; Sigma), GFP (N86/38)

(75-132; NeuroMab). Complexes were pelleted using 50 ml of protein A/G

PLUS-Agarose beads (sc-2003; Santa Cruz).

Tandem affinity purification (TAP) experiments were carried out by using at

least 4.00 3 108 cells. Cell extracts were incubated with Flag M2 beads

(Sigma) and immunocomplexes were eluted with Flag peptide. Formass spec-

trometry analyses, the elution mixture was trichloroacetic acid (TCA) precipi-

tated, trypsin digested, loaded onto stage tips, and resuspended in sample

loading buffer (5% formic acid/5% acetonitrile). Samples were analyzed by

HPLC (Eksigent NanoLC; AB Sciex) into PicoTips (New Objective) coupled

to a LTQ ion trap mass spectrometer (Thermo Fisher Scientific) operated in

positive ion mode.

ChIP

Cells were fixed with 1% formaldehyde for 10 min at room temperature before

termination with 0.125 M glycine. Cells were then lysed in ChIP buffer (0.6%

SDS, 10 mM EDTA, and 50 mM Tris-HCl [pH 8.1]), and cross-linked chromatin

was sonicated to obtain DNA fragments of 300–800 bp. Immunoprecipitations

were performed following the Millipore protocol (http://www.emdmillipore.

com). Antibodies used were as follows: LSD1 (ab17721; Abcam), Supervillin

(S8695 ; Sigma), H3 (ab1791; Abcam), H3K9me2 (ab1220; Abcam), H3K4me2

(07-030; Millipore), and the homemade polyclonal antibody against LSD1+8a.

DNAwas recovered by phenol-chloroform extraction and ethanol precipitation.

RT-qPCR analyses were performed on immunoprecipitated DNA using specific

primers described in supplementary material. The results were calculated and

presented as relative fold enrichment over the input.

ChIP-seq libraries were prepared using NEBNext DNA library preparation

reagents (E6000) and the protocol and reagents concentrations described in

the Illumina Multiplex ChIP-seq DNA sample Prep Kit. Libraries were indexed

using a single indexed PCR primer. Libraries were quantified by Qubit (Invitro-

gen) and sequenced using a HiSeq 2000 (Illumina) to generate 50 bp single-

end reads. The raw data are deposited at the Gene Expression Omnibus

(GEO) under the subseries entry GSE58258. The significantly enriched peaks

were determined by Model-Based Analysis of ChIP-Seq (MACS) package

based on a p value % 10�5 and a false discovery rate (FDR) cut-off % 0.05.

Protein Purification and Demethylation Assay

LSD1, LSD1+8a, LSD1+2a+8a, and SVIL cDNA were cloned into a bactulovirus

expression vector; pFastBacHT A (Invitrogen); and transfected into Sf9 cells by

using the Bac-to-Bac HT Vector kit (Invitrogen). His-tagged proteins were pro-

duced according to the manufacturer’s specifications, purified on Ni-NitriloTri-

acetic Acid (NTA)-agarose beads (QIAGEN), and eluted by imidazole (Sigma).

Demethylation assays were carried out on calf histones or peptides at 37�C
for 4 hr with the following buffer: 50 mM Tris (pH 8.5), 50 mM KCl, 5 mM

MgCl, 0.5% BSA, and 5% glycerol. For a typical reaction, the volume of the re-

action is 50 ml, in which either 30 mg of calf histones or 3 mg of modified histone

peptideswere used as substrates. Different amounts of LSD1 isoforms andSVIL

protein ranging from 10–20 mg were used in the reaction. For histone assays,

the reaction mixture was analyzed by western blotting using methyl-specific
a+8a proteins purified from sf9 insect cells and with nuclear extracts from SH-

ed by western blotting as indicated.

ith control or SVIL shRNA. Experiments were performed before and during the

D1+8a target genes. b2 microglobulin (B2M) promoter was used as a control.

at least three independent experiments. (**) p % 0.006; (*) p % 0.05. NS, non-

lized to that of GAPDH. Results for mRNA data are shown asmean ± SEM from

http://www.emdmillipore.com
http://www.emdmillipore.com


antibodies. For peptide assays, the reactionmixturewas analyzed bymatrix-as-

sisted laser desorption/ionization (MALDI) mass spectroscopy as previously

described (Shi et al., 2004). The samples were analyzed by a MALDI-TOF/

TOF mass spectrometer at the Molecular Biology Core Facility of Dana Farber

Cancer Institute.

Also see Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, two tables, and Supplemental

Experimental Procedures and can be found with this article online at http://dx.

doi.org/10.1016/j.molcel.2015.01.010.
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