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Seize the moment of excited curiosity on any subject to solve your doubts, for if you let it pass, the 
desire may never return, and you may remain in ignorance  

 
-William Wirt (1772-1834)-  

 

I have never let my schooling interfere with my education 

-Mark Twain (1835-1910)- 

 

The important thing is not to stop questioning 

-Albert Einstein (1879-1955)- 

 

 
Imagination is more important than knowledge 

-Albert Einstein (1879-1955)- 

 

Genius is one percent inspiration, ninety-nine percent perspiration 

-Thomas A. Edison(1847-1931)- 

 

I have not failed. I’ve just found 10.000 ways that won’t work 

-Thomas A. Edison(1847-1931)- 
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Chromatin represents the physiological substrate of epigenetic regulation, underlying several biological 

processes, from replication and transcriptional activity to cell lineage commitment and adaptation in 

response to specific cues (Kouzarides et al. 2007; Wu et al., 2009).   In the central nervous system, 

chromatin integrates a plethora of converging signaling pathways, leading to short- and long-term 

changes in gene expression (Flavell et al. 2008, Kim et al. 2010) that are crucial for neuronal commitment, 

terminal differentiation (Ballas et al. 2005) and neuroplasticity throughout life (Walton et al., 1999; 

Tartaglia et al., 2001; Borrelli et al. 2008, Dulac et al. 2010).                            

Among the first characterized ubiquitous factors  regulating the neuronal phenotype is NRSF (Neuro 

Restricted Silencing Factor), also known as REST (Repressor Element 1 Silencing Transcription Factor), 

which regulates neuronal genes within the CNS, preventing their ectopic expression in extra nervous 

tissues (Lunyak et al.2002).  REST deletion or its functional inactivation in extra nervous system relieves 

genes from repression resulting in embryonic lethality whereas its overexpression in the CNS determines 

functional impairment in ionic conductance (Nadeau et al. 2002). REST expression is dynamically 

regulated during the transition from embryonic stem cells to neuronal progenitors when its proteasome 

degradation predisposes target genes to the subsequent induction (Ballas et al.2005). During neuronal 

terminal differentiation retinoic acid signaling leads to REST downregulation and target genes can be 

induced at different extent:  while the expression of class I genes relies exclusively on REST, class II genes 

like calbindin, BDNF, synaptotagmin IV are variably induced, depending on the coordinated action of 

REST, CoREST and MeCP2 that can be dismissed upon depolarization (Zhou et al. 2006). REST function 

in the CNS is also regulated by alternative splicing (Palm et al. 1999)                            

resulting in a dominant negative truncated isoform which exhibits  lower affinity for DNA consensus RE1 

element but still retains interaction with molecular partners, mSin3a,b and CoREST competing with the 

full length REST for transcriptional repressors such as HDAC1,2  and  ATP-ase components of Swi-SNF 

complexes.                                                                                                                                                                    

Although a variety of ubiquitously expressed chromatin-remodeling complexes assist tissue-specific 

transcription factors in mediating histotype-restricted transcriptional regulation (Visel et al. 2009,   Xi et 

al. 2007), neuro restricted chromatin-remodeling factors have just been recently described (Olave et al., 

2002; Barak et al., 2004; Lessard et al., 2007).      
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    Here, I report the identification and functional characterization of four mammal-specific LSD1 variants 

arising from single or double inclusion of two alternatively spliced exons, resulting in either ubiquitous 

isoforms or neuro-restricted ones, whose pattern of expression is dynamically regulated during perinatal 

brain development and early synaptic establishment, contributes to the acquisition of neurite morphology 

and whose functional diversification partly relies on exon specific phosphorylation.   Notably, alternative 

splicing implements evolutionary complexity without a corresponding increase in gene number (Xing et 

al. 2006), occurring most frequently on singleton genes for which and additional member may result in 

the acquisition of a non-redundant function, whereas the frequency decreases as new members are 

generated  (Kopelman  et al. 2005,  Talavera et al. 2007). Noteworthy is the fact that LSD1 displays a 

unique paralogue in the whole human genome, AOF-1, also known as LSD2 (Karytinos et al.2009, van 

Essen et al. 2010, Fang et al.2010, Binda et al. 2010) also endowed of demethylase activity, and that 

alternative splicing occurs massively in the CNS (Jin et al.2008, Lin et al.2010), expanding molecular 

variability of the resultant proteins that participate to fundamental nervous processes, as axon guidance 

and synapse formation (Lee et al. 2010, Sala et al. 2003).                             

Initially identified as common component of multiple co-repressor complexes (Hakimi et al., 2002; 

Humphrey et al., 2001; Shi et al., 2003; Tong et al., 1998; You et al., 2001) the Lysine Specific Demethylase 

1 [LSD1/AOF2/BHC110/KDM1A/SU(VAR)3-3], the first demethylase to be characterized (Shi et 

al.2004), was found to specifically demethylate mono- and di-methylated H3K4  (H3K4me and 

H3K4me2, respectively), through a flavin-dependent oxidative reaction similar to that catalyzed by 

polyamine oxidases and monoamine oxidases (Shi et al., 2004; Forneris et al., 2005a). LSD1 catalyzes the 

disruption of the α-carbon bond in the histone substrate to generate an unstable imine intermediate 

which undergoes spontaneous hydrolysis resulting in aldehyde and amine formation. During the process, 

the FAD+ prosthetic group is reduced to FADH2 and its oxidative state is rescued by molecular oxygen 

which is reduced to hydrogen peroxide, acting as electron acceptor. Terminal products are the 

demethylated lysine K4 residue of histone H3 and formaldehyde and since one methyl group per time can 

be removed, different K4H3 methylation states can be generated. Given that the oxidation of the 

methylated aminic groups requires the nucleophilic attach of the substrate by means of protonated 

nitrogen, LSD1 activity is restricted to the mono and di-methylated forms.  Despite the absence of LSD1 

activity on the tri-methylated histone substrates, other histone demethylases have been identified, 
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catalyzing protein demethylation through a hydroxylation reaction that requires iron and 2-oxoglutarate 

as cofactors (Binda et al.2003). Unlike LSD1, JmJc-containing enzymes can act on all three methylated 

states of a lysine side chain and some Jumonji enzymes can act on methylated arginines (Chang et al. 

2007). 

LSD1 structure and function is conserved from yeast to human (Dallman et al., 2004; Lakowski et al., 

2006), and it is typically associated to CoREST, a corepressor protein, and histone deacetylases HDAC1 

and HDAC2 (Ballas et al., 2001; Humphrey et al., 2001; You et al., 2001; Hakimi et al., 2002; Shi et al., 

2003). Human LSD1 consists of 852 amino acids and comprises an N-terminal SWIRM domain, involved 

in protein interactions and a C-terminal amine oxidase domain which contains an insertion that forms 

the CoREST interacting site, an extended helical region termed the “Tower” domain (Chen et al., 2006; 

Stavropoulos et al., 2006). The three-dimensional structure of LSD1 in a ternary complex with its histone 

peptide substrate and CoREST has been solved, providing an explanation for the biological relevance of 

CoREST in mediating LSD1 substrate binding and recognition (Yang et al., 2006; Forneris et al., 2007): 

structural studies have shown that the C-terminal SANT domain within CoREST facilitates the 

association with chromatin by interacting directly with DNA (Yang et al. 2006). Other LSD1 complex 

members include the corepressor CtBP (Shi et al. 2003), HMG domain containing protein, BRAF35 

(Hakimi et al. 2003, Lee et al. 2005), and BHC80, which contains a PHD finger that specifically recognizes 

unmodified H3K4 (Lan et al. 2007). In addition to these canonical functions, LSD1 was recently shown to 

be recruited to the NuRD complex, via interaction of the Tower domain with MTA1-3 in breast cancer 

cells (Wang et al.2009).  Interaction with CoREST prevents LSD1 proteasome degradation and is required 

for the recognition and demethylation of nucleosomal substrates (Lee et al. 2005). The presence of 

HDAC1/2 suggests a coordinate modification of histone tails, which is supported by evidence that hypo 

acetylated histone H3 tails are the preferred substrate for LSD1. Mechanisms that tune LSD1 activity have 

been extensively investigated, including interactions with protein partners (Lee et al., 2005; Shi et al., 

2005) and concomitant modifications on histone tail residues surrounding the demethylation site 

(Forneris et al., 2005b; Forneris et al., 2006, Metzger et al. 2010). Consistent with H3K4me2, an active 

marker of transcription, as a substrate, LSD1 is found in cells as part of a core complex with the 

corepressor, CoREST, and histone deacetylase enzymes 1 and 2 (HDAC1 and -2) which repress 

transcription by deacetylating  histone tails.  Nonetheless, the association of LSD1 with the androgen 
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receptor switches its substrate specificity from H3K4me/me2 to H3K9me/me2 (Metzger et al.2005, 

Wissmann et al. 2007) resulting in gene activation (Garcia-Bassetts et al.2007). Likewise, repression relief 

of myogenic genes can be observed upon LSD1 recruitment at regulated promoters in association with 

Mef2 and MyoD, further supporting its activatory role (Choi et al. 2010). Furthermore, long noncoding 

RNAs restricted to specific histotypes proved to act as scaffold molecules mediating LSD1 recruitment at 

HoxD proximal promoters (Tsai et al. 2010). These overall evidences indicate that the composition of 

LSD1-containing complexes has the potential to alter its recruitment at target genes and its substrate 

specificity.                                                                                                                                                                         

LSD1 mediated histone demethylation has been related so far to a wide range of biological processes, such 

as embryonic epiblast development (Foster et al. 2010), myoblast differentiation (Choi et al.2010), 

adipogenesis (Musri et al.2010), regulation of NfKB signaling (van Essen et al. 2010) and cancer (Kahl et 

al. 2006, Shi, 2007; Forneris et al., 2008; Nottke et al., 2009, Shulte et al.2009). The LSD1 heterodimeric 

partner CoREST, is a corepressor for the RE1 silencing transcription factor (REST), which represses 

neuronal genes in nonneuronal cells (Ballas et al.2001). Inhibition of LSD1 function causes increased 

expression of CoREST targets such as the acetylcholine receptor (AchR), synapsin, and sodium channels 

(SCN1A, SCN2A, and SCN3A) in nonneuronal cells (Shi et al.2005). The regulation of hematopoietic 

differentiation via the growth factor-independent (Gfi) transcription factors partially relies on their 

interaction with the LSD1/ CoREST/HDAC complex through an N-terminal SNAG domain (Saleque et 

al. 2007). Pituitary development and the appropriate expression of pituitary specific hormones are also 

dependent on LSD1 in the mouse (Wang et al.2007). Moreover, LSD1 participation to the Nurr1/CoREST 

pathway in microglia and astrocytes has been shown to protect dopaminergic neurons from 

inflammation-induced death (Saijo et al.2009). 

Each of these roles involves a direct recruitment to target genes and the manipulation of histone 

substrates. In contrast, LSD1 function has been implicated in the DNA damage response by 

demethylating p53, restricting the interaction of p53 with its cofactor p53BP1 (Huang et al.2007). The 

maintenance DNA methyltransferase Dnmt1 is another nonhistone substrate (Wang et al. 2009a) and 

because methylation of Dnmt1 by Set7/9 increases protein turnover, the loss of LSD1 demethylase activity 

results in reduced levels of Dnmt1 and global DNA methylation. Genetic ablation of LSD1 also causes 

early embryonic lethality at approximately embryonic day 6.5 (Wang et al. 2009b), whereas conditional 
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ablation of LSD1 in ES cells determines a reduction of CoREST levels and associated HDAC activity with 

consequent induction of genes related to anterior-posterior patterning and limb formation (Foster et al. 

2010), indicating LSD1 regulatory role on the transcriptome during embryonic development. 
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Mammalian and bacterial expression vectors 

 

pGal4-LSD1: the full length LSD1 cDNA (NM015013) (aa-35/852) has been obtained from pET-LSD1 

digested with NdeI (blunted)/XhoI and cloned in pGal4-vector digested with EcoRI (blunted)/SalI. 

pGal4-LSD1-2a/8a: the full length LSD1 cDNA (BC040194) (aa-35/876) containing both the alternative 

spliced exons has been obtained from the IMAGE clone 4815528 (pBSIIKS vector) digested with 

ApaI/SpeI. The fragment was substituted in pGal4-hLSD1 digested with ApaI/SpeI. 

pGal4-LSD1-2a: a fragment containing Ex2a was excided from pGal4-hLSD1-Ex2a/Ex8a with PvuII 

and substituted in pGal4-hLSD1-wt digested with PvuII 

pGal4-LSD1-8a: a fragment containing E8a was obtained from pGal4-LSD1-2a/8a digested with PvuII 

and replaced in pGal4-hLSD1 digested with PvuII. 

pEGFP-C1-LSD1: a PCR fragment containing LSD1 cDNA (aa1-852) was cloned in EcoRI/KpnI of 

pEGFP-C1 vector. 

pCGN-HA-LSD1: the full LSD1 sequence (aa1-852) was obtained from pEGFP-C1-LSD1 digested with 

EcoRI/KpnI and cloned after bluntization in pCGN-HA vector digested with BamHI and blunted. 

pCGN-HA-LSD1-2a/8a: a fragment containing E2a/E8a was obtained from pGal4-hLSD1-2a/8a 

digested with FseI/SpeI and substituted in pCGN-HA-LSD1 digested with FseI/SpeI. 

pCGN-HA-LSD1-2a: a fragment containing E2a was obtained from pGal4-LSD1-2a digested with 

FseI/SpeI and cloned in pCGN-HA-LSD1 digested with FseI/SpeI. 

pCGN-HA-LSD1-8a: a fragment containing E8a was obtained from pGal4-LSD1-8a digested with 

FseI/SpeI and replaced in pCGN-HA-LSD1 digested with FseI/SpeI. 

pSuperGFPNeo knocker:  the siRNAs overhanging precursors were annealed into BglII-XhoI cleaved 

pSuperGFPNeo, after the H1 RNA PolIII specific promoter to generate scramble, nsLSD1 or uLSD1 

hairpins reservoirs. 

pCGN-HA-LSD1 wt rat : the LSD1 rat sequence (aa1-852) was obtained by mutagenesis of the pCGN-

HA-LSD1 wt human template, limitedly to exons flanking the neurospecific one. 

pCGN-HA-T371D: a single T≥D aminoacidic substitution  was introduced  onto pCGN-HA-LSD1-8a 

(corresponding to residue Thr 371 in the LSD1  ref. sequence)  onto the pCGN-HA-LSD1-8a  template 
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pCGN-HA-T371A: a single T≥A aminoacidic substitution  was introduced  onto pCGN-HA-LSD1-8a 

(corresponding to residue Thr 371 in the LSD1  ref. sequence)  onto the pCGN-HA-LSD1-8a  template 

pLVTHM knocker: :  the siRNAs overhanging precursors were annealed into MluI-ClaI cleaved vector, 

after the H1 RNA PolIII specific promoter to generate scramble, nsLSD1 or uLSD1 hairpins reservoirs. 

 

 

Bacterial expression vectors 

pET28b-TEV-LSD1 (aa157-852) (Forneris et al. 2005) 

pGEX-6P-CoREST (305-482) (Forneris et al., 2007) 

pET28b-TEV-LSD1-2a/8a (aa157-876): a fragment containing E2a and E8a was obtained from the 

IMAGE clone 4815528 digested with HindIII/SpeI and substituted in pET28b-TEV-LSD1 opened with 

HindIII/SpeI. 

pET28b-TEV-LSD1-E2a (aa157-872): a restriction fragment containing E2a was obtained from 

pET28b-TEV-LSD1-E2a/E8a cutting with NcoI and substituted in pET28b-TEV-LSD1 digested with 

NcoI. 

pET28b-TEV-LSD1-8a (aa157-856): The fragment containing the wild type form of hLSD1 was 

obtained from pET28b-TEV-LSD1 digested with NcoI and substituted in pET28b-TEV-LSD1- 2a/8a 

digested with NcoI. 

 

 

 

 

 

 

 

 

 

 

 



 
15 

 

Total RNA extraction, RT-PCR, and QRT-PCR analysis 

 

 Total RNAfrom seeded cortical neurons was isolated using the RNeasy Mini Kit(Qiagen). Tissue samples 

were either obtained from TriReagent (Ambion Cat.9738.) RNA extraction kit or Qiashredder (Qiagen 

79654) and RNeasy Mini Kit (Qiagen Cat.74104) according to the sample type and starting material.  

Briefly, tissues were lysed in TRI Reagent solution, mechanically homogenized and RNA was obtained by 

acid phenol-chlorophorm organic extraction, followed by DNA digestion. All extracted RNAs were DNA 

purified by the use of DNAse upon Qiagen RNAeasy Columns, with no regards of the extraction method. 

RNA purity was further assessed on corresponding cDNAs by specific PCR on the elective housekeeping 

gene, which is expected to amplify one extra amplicon in case of genomic contamination. Quantitative 

reverse transcription (qRT)-PCR analysis was performed with Reverse Transcriptase system (Promega 

Cat A3500 and A3802) or SuperScript III system (Invitrogen).  QPCR were performed on either an iQ5 

Real-Time PCR Detection System (Bio-Rad) using the iScriptTM two-Step RT-PCR Kit with SYBR Green 

(Bio-Rad) or a Stratagene MXqPro software.  The relative expression of the investigated genes was 

normalized against β-actin and double checked with Rpsa protein. Primer pairs are reported in the 

following table.  A first screening for the expression of LSD1 splice variants was performed on tissue 

derived human samples (Ambion First Choice Human Total RNA Survey Panel, Cat #6000 

Lot#08608142) which were reverse transcribed by use of oligodT primers in order to select mRNA species 

only, excluding any possible truncated pseudogene or non polyadenylated transcript, that were predicted 

in silico for LSD1 locus (UCSD Genome browser). Starting material was set as 1 μg of total extracted RNA 

and quantified by Biophotometer (Biorad) or Nanodrop 1000 3.6.0. Specificity of PCRs reactions was 

validated on BGal4 vectors containing either BC048134 or BC040194 construct related to the RefSeq 

NM_015013 .   
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Relative quantity fluorescent PCR (Rqf-PCR) detailed protocol 

 

A fluorochrome-conjugated primer forward (Sigma Genosys Oligos) was used to quantify relative 

proportion of LSD1 isoforms in murine and rat samples. The oligo was modified at  5' termini (6-FAM 

conjugation) HPLC purified, resuspended in H20 upon shipping and always handled in the dark.  PCR 

reactions were performed with  GoTaqFlexi kit (Promega cat.  M8305), with colourless 5X Flexibuffer 

(w/o MgCl2 added). PCR reaction was set up in order to amplify the whole extension of LSD1 transcript 

encompassing all the four identified isoforms: the extent of PCR products (within a range of 640-710 bp) 

and the reduced size difference among the generated amplicons (either 12 or 60 or 72 bp) complexively 

allow co-amplification of splice isoforms in non-competitive conditions, so that all LSD1 variants can be 

amplified with comparable PCR efficiency and the observed differences reflect the relative proportion of 

each analysed  isoform. PCR was carried out within a linear range before saturation of the reaction could 

occur, as experimentally verified, always handled in dark, diluted and loaded with a suitable internal lane 

ROX-conjugated size standard (500ROXTM Standard Applied Biosystem Cat 401734, Carlsbad, CA), 

denatured with formamide at 95°C  for 5 min and ice cooled until electrophoretic separation. The 

sensitivity of the method was assessed on pCGN-HA LSD1 wt and pCGN-HA LSD1 2a vectors, by 

verifying the correspondence between the molar ratio of the templates and the associated RFU value 

(related fluorescence units). Amplicons were run on an AbiPrism Gene Analyser 3100 sequencer, 

separated by capillary electrophoresis on polymer POP 7TM (Applied Biosystem). Electropherograms were 

displayed by use of software GeneMapper v4.0 (Applied Biosystem). Current settings are GS500(-250) as 

size standard, microsatellite default as analysis method with advanced peak detection method, analysis 

range from 0 to 10.000 and sizing range (bp) 1000. The baseline window is 51, with an rfu (related 

fluorescence units) peak threshold 50 for blu, red, yellow and green. The electrophoresis was carried on a 

36 cm capillary at 60º C with injection duration of 23 min at 1.2 KV. The overall run was carried for 32 

min at 15 KV and laser power of 15 mW. Fluorescence threshold was adjusted for each experimental 

series.  Each series was analysed at increasing PCR endpoints to ascertain anticipation of the plateau and 

signal saturation, with consequent loss of quantitative difference. Each isoform was expressed as 

percentage of the sum of all detectable variants. Percentage of expression was calculated on the 

electropherogram displayed height and compared with the area, obtaining comparable results. 
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Supplementary figure 2.1 representative example of electropherograms related to rat liver and brain is indicated 
above 
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Supplementary figure 2.2 Cumulative RFU height and area ( GeneMapper v4, Applied Biosystem) are plotted over 
PCR cycles with comparable increase within the PCR linear range. RFU height values were applied for calculations 
and statistics purpose. 
 
 
                

Supplementary figure 2.3 Vectors related to the LSD1 splice variants were used to assess PCR efficiency and 
possible competition among molecular species being co-amplified. Spliced templates display no difference in PCR 
efficiency (see RFU raw units at the equimolar ratio).  RFUs keep proportional at any assayed molar ratio (pCGN-
HA-LSD1 wt and pCGN-HA-LSD1-2a), with no regard for the size difference (60 bp). The overall extension of 
templates and the narrow difference in size (bp) among the co-amplified products allow noncompetitive PCR 
conditions. 
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Generation of shRNAs targeting LSD1 splice isoforms for transient expression assays 

siRNA double stranded precursors were generated against  LSD1 splice junctions and delivered by means 

of  hairpins. Sequences were designed of 21nt length avoiding stretches of 4 or more bases, keeping the 

GC content within the range of 30% and 60% and avoiding SNPs, repeats and low complex sequences. 

Eight features associated with siRNA functionality (Reynolds et al. 2004) were assumed for a rational 

siRNA design algorithm: 30% to 52% GC content, at least 3 A/Us at 15-19 position in the sense stretch, 

lack of internal repeats (Tmelt* ≤ 20 ºC), A at 19th position, A at 3rd, U at the 10th, no G/C at 19th, no G at 

the 13th, each compliant requirement being scored as  +1. The siRNAs were scored and selected 

accordingly, assuming a value of six as probability cutoff for acceptable candidates: A BLASTn homology 

search was performed to predict possible off target effects. 

*Tm = 79.8 + 18.5*log<sub>10([Na+]) + (58.4 * GC%/100) + (11.8 * (GC%/100)2) - (820/Length)  

Oligos were matched onto the target sequence (inferred from RGD1562975) from Rattus Norvegicus 

species, for which the experiments were intended.  Three types of hairpins were generated for the 

scramble condition, the knock down of the neurospecific variant and the knock down of the ubiquitous 

one. Oligos were annealed and cloned into into pSuper EGFP Neo vectors and assayed for specificity and 

efficacy against each representative LSD1 target sequence.  Specificity of the hairpins was proven in a cell 

line heterologous to the rat species, to prevent cross-reactivity of the hairpins onto endogenously 

expressed targets and subsequent underestimation of the efficacy. The knock down was assayed both by 

QPCR on the residual expressed HA tagged isoforms and by immunoblot detection of the related 

proteins.   
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Immunoblot assay and antibodies 

Western Blot was performed following "Molecular Cloning" by Sambrook-Fritsh-Maniatis method.  

Briefly, samples were electrophoretically run by SDS-PAGE, transferred on a pre-equilibrated nytrocell 

membrane (Schleiher, Schuell), blocked in milk 5% w/v with 1‰Tween20, blotted with the suitable 

antibody in blocking solution either 4 hrs room T°C or overnight 4°C following the manufacturers' 

instruction, washed three times in TBS- 1‰Tween20, and blotted for 1 hrs room T°C with a secondary 

HRP-conjugated antibody.  SigmaMarker High range (Sigma-Aldrich, 36,000 to 200,000 kDa) and 

PageRuler™ Plus Prestained Protein Ladder (Fermentas, 10-250 KDa)  were used to characterize the 

migration of  LSD1 doublet Antibody detection was performed with Supersignal West Pico (cat 34080 

Thermo Scientific) or “Chemiluminescent Probe HRP” (PIERCE) and detection was performed on an 

autoradiographic  lastra (GE).  All protein extraction methods require pre-chilled buffers and fresh added 

protease inhibitors (Leupeptin, Pepstatin A, Aprotinin, Bestatin), such as protease inhibitors and PMSF 

0.2mM.   

Protein extraction was performed according to the sample type and starting material: adherent cultured 

cells were first washed with pre-cooled PBS, scraped and gathered at 1000 rpm for 10 min 4°C. Pellets 

were resuspended in 5 volumes RIPA (50 mM Tris pH 8, 150 mM NaCl, 1 mM EDTA, 1 % NP40, 0,5 mM 

DTT,PIC, PMSF) or low stringency lysis buffer (50 mM Tris pH 8,  0.5% TritonX100, 150 mM NaCl, 10 

mM Imidazol, 0.5 mM EDTA, 10% glycerol, 0.5 mM DTT , Pic, PMSF) for co-immunoprecipitation 

purpose and rotated 30 min 4°C. Debris were gathered 15 min 14000 rpm 4°C and surnatant was retrieved 

and quantified following Bradford method, with Biorad Protein assay (cat 500-0006 BioRad) and a BSA 

calibrated standard curve.   

Cell cultures neurons were rinsed and directly lysed in 100 μl sample buffer (Laemmli buffer) and a 

volume of 12 μl was loaded on SDS PAGE for LSD1 expression analysis during in vitro maturation.  

Tissues were mechanically disrupted with scissors, pottered and resuspended within a suitable volume of 

RIPA /Low stringency lysis buffer (1 ml / g of tissue) and spinned at 14000 rpm 4°C for 30 min to pellet 

debris.   

Antibodies used included the following: CoREST (Millipore), HA (Santa Cruz Biotechnology), HDAC2 

(Millipore), panLSD1 antibody (Diagenode), Shank (NeuroMab), and C-terminus-binding protein (Cell 

Signaling Technology). Guanylate kinase domain-associated protein (GKAP), glutamate receptor-
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Coimmunoprecipitation assay 

 Coimmunoprecipitation (IP) experiments were performed on total protein extracts obtained from HeLA 

cells 48 hrs after transfection or on homogenized rat brain tissue in IP buffer (50 mM Tris pH 8,  0.5% 

TritonX100, 150 mM NaCl, 10 mM Imidazol, 0.5 mM EDTA, 10% glycerol, 0.5 mM DTT ,  Pic [Sigma 

Aldrich} , PMSF).  Cellular extract (0.5-2 mg was reacted with 1.25 -3 μg of rabbit polyclonal anti-

CoREST antibody (Millipore), mouse monoclonal anti-hemagglutinin (HA) (Santa Cruz Biotechnology), 

or 1.25 μg of mouse monoclonal anti-green fluorescent protein (GFP) (Roche Molecular Biochemicals) or 

rabbit polyclonal anti-LSD1 (Abcam) with overnight rocking at 4°C.  The immunoprecipitates were 

collected with rProtein G Agarose (Invitrogen).  After incubation, the beads were washed four times with 

the IP buffer containing 5% glycerol and 0.1% Triton X-100. The immunoprecipitates were then eluted 

with 2X SDS sample buffer (Laemmli buffer) and analyzed by Western blot. 

 

 

Acidic silver staining for MALDI-TOF analysis of the LSD1 splice variants. 

Coimmunoprecipitation of the LSD1 splice variants was performed on rat brain cortical tissues as 

described above, by use of a rabbit polyclonal anti-LSD1 (Abcam) antibody recognizing a common 

epitope.  Samples were loaded on a 7% SDS-PAGE linear gel and silver stained as previously described 

(Dunn et al.1994) with acidic modifications compatible to MALDI-TOF analysis.  All reagents were 

prepared with MilliQ water and stored at 4 C.  LSD1 bands were excised at the correspondent molecular 

weight, in gel trypsinized and the resultant peptides were volatilized by MALDI –TOF.   The full length 

LSD1 protein spanning 876 AA was identified by the broad coverage of the sequence. The four splice 

variants were identified by presence of peptides matching the spliced exons. Further fragmentation of the 

peptides was performed to detect the phosphorylation of the neuro specific exon at T371  residue of 

nLSD1-E8a (T391 residue in nLSD1-E2aE8a) , as predicted in silico by use of NetPhos v2.0 software 

(http://www.cbs.dtu.dk/services/NetPhos/),  with a  m/z shift from  1565,996  to 1725,022  attributable to a 

double phosphorylation status at Val and Thr residues  (CPLYEANGQADTVKPKEK)   
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Expression and purification of recombinant LSD1 splice variants 

Recombinant human LSD1 splice variants were expressed as truncated proteins lacking the N-terminal 

122 residues, following the same protocols used for the conventional isoform (Forneris et al., 2005a). 

Proteins were purified by affinity chromatography, taking advantage of the N-terminal His6 purification 

tag. The tag was then removed by cleavage with tobacco etch virus protease. During protein purification, 

SDS-PAGE analysis showed that the LSD1 proteins were subject to rapid precipitation and unrecoverable 

degradation. The problem was solved by copurification with a C-terminal fragment (residues 305-482) of 

recombinant CoREST by tandem-affinity chromatography as described previously (Forneris et al., 2007). 

The resulting LSD1–CoREST complex is stable at 4°C for several weeks as judged by SDS-PAGE and 

activity assays (see next section). 

 

Crystallization and structure determination 

Samples of purified human recombinant LSD1 splice variants in complex with CoREST in 25 mM 

potassium phosphate, pH 7.2, and 5% (w/v) glycerol were concentrated using an Amicon Ultra 

concentration device (Millipore) to a final concentration of 8 mg/ml. Crystals were grown at 20°C by 

hanging-drop vapor diffusion method by mixing equal volumes of protein samples with reservoir 

solutions containing 1.2 M sodium/potassium tartrate and 100 mM N-(2-acetamido)iminodiacetic acid, 

pH 6.5 (Forneris et al., 2007). Crystals were transferred in a solution containing 1.6 M sodium/ potassium 

tartrate, 100 mM N-(2-acetamido)- 2-iminodiacetic acid, pH 6.5, 10% glycerol, and 2 mM Lys4Met H3 

peptide (i.e., the 21 N-terminal residues of H3 with Lys4 mutated to Met) and flash cooled in liquid 

nitrogen. Data collections were performed at the beamlines ID14-EH1 and ID23-EH2 of the European 

Synchrotron Radiation Facility. Data processing was performed using the program MOSFLM (Leslie, 

1999) and CCP4 (Collaborative Computational Project, Number 4, 1994). The structures of the LSD1–

CoREST complexes were solved by molecular replacement using the program AMORE of the CCP4 suite. 

The initial search model was generated from the Protein Data Bank entry 2IW5, deprived of cofactors, 

substrates, and ligands. Refinement was performed out using Refmac5 (Murshudov et al., 1997). Data 

collection and refinement statistics are reported in Table 2. Structure analysis, validation, and modeling 

were performed using the program COOT (Emsley and Cowtan, 2004). Figures were generated with 

PyMOL (www.pymol.org). 
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Biochemical assays 

 The enzymatic activities of LSD1 splice variants were measured at 25°C using a Cary 100 UV/Vis 

spectrophotometer (Varian) following published protocols (Forneris et al., 2005a) (Table 1). Methylated 

synthetic peptides corresponding to the 21 aa N-terminal tail of histone H3 were used as substrates for 

biochemical analysis (purchased from Thermo Fisher Scientific). 

 

 

 

Cortical neurons cultures and immunostaining. 

Cortical neurons cultures were obtained from embryonic day 18.5 (E18.5) rat brain (Charles River or 

Harlan) as described previously (Romorini et al., 2004). Neurons were plated on 12-mm diameter optical 

grade coverslips, and grown on 12-well plastic tissue culture plates (Iwaki; Bibby Sterilin or BD 

Bioscience). Calcium Phosphate transfection was performed as elective method for gene delivery, 

intended for subsequent reporter assays and immunostaining procedures. Briefly, transfection was carried 

out on E18.5 seeded cortical neurons as previously described (Xia et al. 1996) in serum free conditions 

with medium consisting of DNA vectors, CaCl2 125 mM and Hepes Phosphate buffer and allowed to 

precipitate,  with a resulting 2% transfection efficiency. Low efficiency allows single cell analysis by 

immunostaining, preventing any possible overlap of neurites from adjacent neurons that may interfere 

with the morphometric analysis.  Cells were fixed after 48 hrs with a PBS solution containing 4% 

paraformaldehyde for 10 min at room TC followed by incubation in absolute methanol for 10 min at -

20C.  Cells were incubated with anti-HA antibody  (1:100; sc80; Santa Cruz Biotechnology) for 3 h in 

GDB buffer (30 mM phosphate buffer, pH 7.4,containing 0.2% gelatin, 0.5% Triton X-100, and 0.8 M 

NaCl), followed by 1 h incubation with cyanine 3-conjugated secondary antibody (The Jackson 

Laboratory) and mounted in antifading VectaDAPI medium (Vector Laboratories). For the used vectors 

Vectors intended for the overexpression of the LSD1 isoforms, the knock down or the expression of the 

mutagenized neurospecific isoforms are listed above in the mammalian and bacterial expression vectors 

section. 
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Image acquisition and morphometric analysis 

 Images were acquired on a Carl Zeiss LSM5 510 laser scanning confocal microscope.  Acquisition was 

performed with a chromatic aberration-corrected objective (plan-apochromatic 1.4 oil NA DIC M27) in 

the provided Zeiss Immersol.  Scanning lasers power from each source was set by default at minimum 

(Argon 488 nm and HeNe 543 nm lasers, HeNe 633 nm were used for the acquisition of neurite 

morphology whereas Diode 405 nm was used for DAPI counterstain). Detector gain and amplifier offset 

were adjusted for each image according to the palette range indicator.  Multi track configuration was set 

on the single channel alternate acquisition (BP filters 505-530 and BP 560-625).  Optical slice thickness 

was adjusted for each image ranging from 3 to 4 μm, with a 0.75 to 1 μm step per section, to cover the 

whole neurite arborisation along the Z axis. Image frame size was chosen by default at 1024 x1024 x 4 

pixels, with a working conversion factor of 0.197 μm per pixel on orthogonal plane. Optical sections were 

merged as z-stack projections, exported LSM Meta 8-bit .lsm file and analysed on ImageJ software with 

correspondent scale settings.  Sholl's analysis principle (Sholl, 1953) was applied to analyse neurite 

thickness, cumulative arborisation and branching by overlapping concentric circumferences over 

neuronal somas at increasing radii of 20, 25 and 30 μm.  For each analysed neuron, neurites thickness was 

averaged on the radian arcs measurements;  z-stack splitting and image analysis on isolated optical slices 

was always applied whenever juxtaposition of adjacent saturated neurites occurred on the joint 

projections. Statistical significance was assessed by bilateral Student’s t-test (l Stat t I >= T ά/2) unless 

differently specified (l Stat t I >= T ά). The indicated n in the text for each experiment represents 3 

independent experimental trials with the related SEM 0.95 confidence interval. For each trial a minimum 

of 15 neurons were analysed per experimental condition.  For illustrative purpose, images are displayed 

with possible saturation of one or more channels and represented as 3D projections.   

All the experimental conditions included  EGFP to evaluate neuronal morphology: EGFP vector was 

transfected alone (mock condition) or co-transfected with either pCGN-HA-LSD1 wt and sv2a vectors or 

pCGN-HA-LSD1 sv2a/8a and pCGN-HA-LSD1 sv8a vectors, respectively referred to as ubiquitous 

condition (uLSD1) or neurospecific one (nsLSD1). The knock down of isoforms was performed by use of 

pSuperGFPNeo generated vectors. 
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Supplementary figure 7: Morphometric effects of overexpression of single HA-tagged LSD1 isoforms in cortical 
neurons. (A) Cumulative neurite length ± SEM 0.95 C.I.: 784,8 ± 56,28 for mock series; 1194,7 ± 147,12 for neurons 
transfected with the sole LSD1-8a; 840,37 ± 126 for neurons transfected with the sole LSD1-2a/8a; 964,564 ± 53,43 
for neurons transfected with the LSD1-2a/8a+LSD1-8a, referred to as neurospecific condition, namely nLSD1- see 
also Fig. 8). (B) Neurite branches ± SEM 0.95 C.I.: 4,8 ±. 1,71 for mock series; 12,7 ± 2,9 for neurons transfected with 
the sole LSD1-8a; 9,38 ± 1,71 for neurons transfected with the sole LSD1-2a/8a; 10 ± 1,1 for neurons transfected with 
the LSD1-2a/8a+LSD1-8a. (C) Neurite width measured at 20 μm distance from soma (inner radius) ± SEM 0.95 C.I.: 
0,839 ±. 0,06 for mock series; 1,15 ± 0,13 for neurons transfected with the sole LSD1-8a; 0,98 ± .0,18 for neurons 
transfected with the sole LSD1-2a/8a; 1,07± 0,29 for neurons transfected with the LSD1-2a/8a+LSD1-8a. Neurite 
width measured at 25 μm (intermediate radius) ± SEM 0.95 C.I.: 0,74 ±. 0,14 for mock series; 0,92 ± 0,29 for neurons 
transfected with the sole LSD1-8a; 0,86 ± 0,21. for neurons transfected with the sole LSD1- 2a/8a; 0,9 ± 0,17 for 
neurons transfected with the LSD1-2a/8a+LSD1-8a. Neurite width measured at 30 μm (outer radius) ± SEM 0.95 
C.I.: 0,61 ± 0,08 for mock series; 0,89 ± 0,36 for neurons transfected with the sole LSD1-8a; .0,74± 0,19 for neurons 
transfected with the sole LSD1-2a/8a; 0,84 ± 0,17 for neurons transfected with the LSD1-2a/8a+LSD1-8a. Two-tailed 
t-test was performed between mock condition and transfected LSD1 isoforms 
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Lentiviral production for silencing of LSD1 splice isoforms 

A 2nd generation self-inactivating (SIN) system, characterized by the exclusion of four accessory genes 

(vpr, vif, vpu, nef) (Zufferey et al. 1997) and comprising the transgene vector, the pseudotyping and the 

packaging vectors was kindly provided by Dr. D. Trono (Lausanne, Switzerland) (Wiznerowic et al. 2003).  

The pLVTHM genomic vector carries the basic elements of 5’LTR, the major splice donor (SD), the 

packaging signal encompassing the 5’ part of the gene (psi), the Rev-responsive element (RRE), the 

envelope splice acceptor (SA). The internal expression cassette contains the GFP encoded downstream the 

EF1α promoter and a 5’ to 3’ central polypurine tract (cPPT). The GFP is followed by the post-

transcriptional regulatory element of woodchuck hepatitis virus to enhance gene expression (WPRE), 

which has been reported to increase the overall levels of transcripts in both producer and target cells, 

increasing titers and transgene expression and by the mutagenized 3’LTR containing the viral promoter in 

the RNA genome, hence resulting in replication-defective self-inactivating (SIN) vector (Zufferey et al 

1998). In addition, the pLVTHM vector carries the H1 RNA polymerase III promoter to permit the 

expression of a short hairpin RNA (Abad et al. 2006) for RNA interference (shRNAi) (Wiznerowick et al. 

2003).Hairpin sequences targeting LSD1 splice variants and a scrambled sequence were generated as 

described above.  Lentiviral production was led onto Hek293T packaging cell line according to BSL2 

biosafety level, FACS titrated (Becton Dickinson) and checked for replicative incompetence by measure of 

GFP on Hek293T cells after 36 hrs incubation with surnatant retrieved at the third replate of infected cells 

and different lentiviral batches were tested. 

A 103 TU/μl titer was obtained from Hek293T cells at 48 hrs from lentiviral delivery infected in presence 

of charge neutralizing polybrene, under  experimental conditions carrying 1% to 15% positive cells , with 

a minimum of 10.000 vital GFP+ve , Iodide Propidium –ve events. Lower transducing units were detected 

on neurons under the same experimental conditions, raising the need to further optimize lentiviral 

production and delivery routes.  No difference in neuronal viability was detected between the 

experimental series, where either shRNAs or scrambled were delivered. 
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ChIP sequencing of LSD1 splice variants in cortical neurons  

Two Sprague Dawley rat litters (Harlan) were sacrificed according to the IACUC  animal policies. A 

minimum of 10 million neurons were used for high throughput ChIP-seq, at e18.5+div7 to characterize 

the neuro-specific LSD1 genome wide location. Chromatin immunoprecipitation of the four identified 

LSD1 variants was carried out by use of a rabbit polyclonal anti-LSD1 (Abcam) antibody recognizing a 

shared epitope.  

Briefly, cells were rinsed in cold PBS in presence of protease inhibitors, cross-linked in freshly made 1% 

formaldehyde, quenched in 125 mM glycine and extracted nuclei were sonicated by Bioeruptor to 

produce 100 to 500 bp range sheared chromatin. Chromatin from a minimum of 10 million seeded 

cortical neurons was immunoprecipitated o.n. at 4 C as previously described (Shi et al. 2004) with a 

dedicated antibody or related IgG control, added for 2 hrs to pre-coated agarose beads (Invitrogen), 

washed and purified by organic extraction. DNA fragments coimmunoprecipitated with LSD1 were 

blunt-end repaired and phosphorylated using the T4 DNA polymerase, Klenow polymerase and T4 

polynucleotide kinase 30 min at 20°C followed by column purification (QIAquick PCR Purification Kit, 

QIAGEN, part # 28104) and treated with Klenow exo¯ with dATP  to generate 3’ oligodA overhanging 

fragments 30 min at 37°C. Overhanging fragments were purified using the MinElute Reaction Cleanup 

Kit (Qiagen, Valencia, CA) and eluted in EB buffer. The resulting DNA fragments were ligated to 

adaptors 15 min at RT for the Illumina Cluster station using the Illumina provided Ligase Kit (NEB), 

followed by gel purification and size selection: gel slices containing 175- 200bp adaptor-ligated ChIP DNA 

fragments were cut, shredded and further purified by gel extraction. Samples were affixed to a slide and 

sequenced on an Illumina Cluster Station and Genome Analyzer.  The resulting 35 bp reads were 

formatted for alignment onto the indexed reference rat genome and visualized on UCSC genome browser. 

Peak calling was established by reads enrichment over a locally optimized false discovery rate tags 

threshold.  
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Computational analysis of high throughput Chip sequenced reads: genome indexing, reads alignment 

and tags density 

ChIP reads were aligned onto the reference genome (Rat Nov. 2004-Baylor 3.4/rn4 assembly) comparing 

results from two multiple sequence alignment tools, differing for matching tolerances: bowtie 

(http;//bowtie-bio.sourceforge.net/index.html) (Langmead et al., 2009), and GASSST (global alignment 

short sequence search tool, http://www.irisa.fr/symbiose/projects/gassst/html ) (Rizk et al.2010). 

Bowtie is a ultra-rapid short read alignment technique that applies backward search (Ferragina  et al. 

2000) after indexing the genome with a Burrows-Wheeler-FM Transform. Basically, it allows exact 

matches between query sequence and the genome to be found, with no gaps allowed, before using a 

backtracking procedure that allows the addition of a restricted number of errors. If one or more exact 

matches exist for a read, Bowtie will report one but if the best match is inexact high quality alignment may 

not be guaranteed.  GASSST is a short read aligner for mapping reads with mismatch and indel (insertion- 

deletion) errors at a very high speed, discarding false positive positions before the refinement extension 

step: briefly, it applies a seed, filter and extend technique to globally align short sequences to local regions 

of complete genomes in a very short time. The seed step provides all potentially homologous areas in the 

genome with a given query sequence. An index of all possible  k-mers in the genomic reference sequence 

is created and every query sequence from Chip reads is aligned iteratively onto the indexed genome to 

find matching seeds: only genomic sequences sharing common k-mers are considered for candidate 

alignments; their position and the flanking nucleotides are recorded for the subsequent filtering step.  

Sequences adjacent to the seeds are analyzed for discrepancies onto the indexed genome and filtered, to 

eliminate false positive hits that have more than a user specified number of errors. To include gaps, 

filtered alignments are extended with the Needleman-Wunsch dynamic programming algorithm 

(Needleman et al. 1970). 
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 Peaks calling  

Two different peaks calling methods, including Homer (Fig. 15 C and D) (Hypergeometric Optimization of 

Motif EnRichment, http://biowhat.ucsd.edu/homer/) and MACS (Fig.15 B)(Model-based analysis of Chip-

seq, http://liulab.dfci.harvard.edu/MACS/index.html), were applied to identify Chip enriched regions,  

hereafter peaks, defined after clustered tags observed at a non-stochastic frequency.                            

The tag density around a true binding site displays a bimodal enrichment pattern with an equal 

representation of upstream tags on Watson strand and downstream tags on Crick antisense strand, since 

ChIP-DNA fragments are equally likely to be sequenced at both adaptor-delimited ends. Model-based 

Analysis of ChIP-Seq (MACS) works on uniquely mapped short reads ( 35 bp tags on Illumina platform) 

taking advantage of the tags bimodal distribution and empirically models the shifting size to better locate 

the binding site.  Given a sonication size (bandwidth) and a high-confidence fold-enrichment (mfold), 

MACS slides 2 bandwidth windows across the genome to find regions with clustered non redundant tags 

more than mfold enriched relative to a random tag genome distribution. MACS randomly samples 1,000 

of these high-quality peaks, separates their Watson and Crick tags, and aligns them by the midpoint 

between their Watson and Crick tag centers. The distance between the modes of the Watson and Crick 

peaks in the alignment is defined as 'd', and MACS shifts all the tags by d/2 toward the 3' ends to the most 

likely protein- DNA interaction site (summit) as peak center. After MACS shifts every tag by d/2, it slides 

2d windows across the genome to find candidate peaks with significant tag enrichment (Poisson 

distribution): candidate peaks with p-values below a user-defined threshold are called (p-value cutoff set 

at 10-5). For a ChIP-Seq experiment with controls, MACS empirically estimates the false discovery rate 

(fdr) for each detected peak. The empirical FDR is defined as Number of control peaks / Number of ChIP 

peaks. MACS calculate the FDR based on the number of peaks from control over ChIP peaks that are 

called at the same p-value cutoff. This FDR estimate is more robust than calculating the FDR from 

randomizing tags along the genome. 

HOMER determines the threshold of tags needed to call a peak significant by assuming that non-enriched 

ChIP-fragment concentrations are approximated by a stochastic distribution (Poisson distribution, p-

value cutoff set at 0.001, tags fdr threshold at 11 fdr for bowtie and 9 fdr for GASSST alignments). Tags  
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positions are then adjusted of half the estimated ChIP-fragment length in the 3' direction relative to the 

original position of the tag. HOMER scans the chromosome calculating the number of clustered tags, 

found within the designated fixed peak size, sorting positions with the highest tag density through those 

with the lowest one assigning putative peaks and masking nearby positions within the minimum distance 

acceptable for neighboring peaks, so that local maxima densities are selected (minimum distance between 

peaks is set by default at 2.5 fold the estimated fragment size therefore 265 bp for bowtie aligned tags and 

375 bp for GASSST aligned ones). Background filtering is applied for local and clonal tags: HOMER 

requires the tag density at peaks to be 4-fold greater than in the surrounding 10 kb region and discards 

clonal reads near repeat elements whenever the ratio between the expected tags containing unique 

positions at the peak and the observed tags containing unique positions is too high (fold enrichment limit 

of expected unique tag positions, default: 2.0). 

 

Computation of transcription factors binding sites and de novo motifs by means of Genomatix® tools 

To characterize extensively the pattern of putative TFs participating to the regulation of the identified 

LSD1 target genes, prediction of TFBS was performed by means of MatInspector® tool available online 

extending promoters regions (200 bp width) of 350 bp upstream and 50 bp downstream the located peak, 

since 600 bp long promoters are randomly extracted from MatInspector® library as control set for p-value 

calculation of TF enrichment (0.75/Opt.) ( http://www.Genomatix® .de/online_help/help/scores.html). 

MatInspector® uses the core region of the matrix, represented by four consecutive nucleotides with the 

highest occurrence to preselect putative matches, the nucleotide distribution matrix, the Ci-vector 

describing the aligned nucleotides distribution and their conservation, the optimized threshold and the 

family information to scan sequences of unlimited length for matches to the consensus matrix 

description.  The optimized threshold for the weight matrices is set by default at the minimum similarity 

level allowing up to three false positive matches in 10.000 bp of non-regulatory test sequences 

(core/matrix similarity cutoff set by default at 0.75/optimized).   
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De novo motifs search (CoreSearch®) was applied onto promoters annotated ChIP-seq regions (1000 

bp<TSS) and a subset of intergenic annotated regions (3000-1000 bp<TSS) by means of CoreSearch ®tool, 

with a minimum core length of 7 bp, a minimum occurrence in 5% of input sequences on both strands, 

unlimited number of motif matches per sequence and equal nucleotide expected distribution. The matrix 

similarity threshold was set at 0.7. 

Overrepresentation of TFs (RegionMiner®) was applied on the same sets without altering the extension of 

the input sequences, since overrepresentation calculation is based on the total number of base pairs in the 

considered sequence set to exclude any false positive match that may arise from a common TFs search 

task applied on extended sequences (MatInspector®). The following parameters were considered: promoter 

association referring to TFBS families known to occur more than twice as often in promoters as in 

genomic sequence, total number of input sequences displaying a match with the known TFBS matrix and 

the total number of matches. Further parameters are the expected number of matches (equally sized 

background sample retrieved from genome or non-related promoters), overrepresentation    (fold increase 

of matches found in the input set relative to the observed number of matches found in the equally sized 

background set) and the z-score (distance from the population mean in units of the population standard 

deviation):  the difference between the number of  observed matches ( input set) and expected matches 

(background set)  is corrected per  0.5 factor and divided on the background set standard deviation (Sui et 

al. 2005) where a Z-score below -2 or above 2 can be considered statistically significant, corresponding to 

a p-value < 0.05.  
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Identification of novel LSD1 isoforms evolutionarily conserved in mammals 

The annotated human LSD1 gene (also known as AOF2) sequence (GenBank accession number 

NM_015013) encodes for a mRNA that results from the fusion of 19 exons and gives rise to a protein of 

852 aa (Fig. 1A) whose  biochemistry has already been characterized (Forneris et al.2005). I performed a 

computational analysis of LSD1 orthologues by means of Vista Genome Browser, by drawing genomic 

alignment at LSD1 coding region, with human sequence as consensus. at locus chr1: 23,218,576-

23,282,768 at 1p36.12, as reported in UCSC Genome Browser (Mar.2006 Human Assembly) database. 

Sequence homology cutoff was set at 70% of conservation identity and results were graphed in a peak and 

valley graph, displaying percentage conservation at a given genomic coordinate within an overall window 

800 bp wide. The comparative analysis revealed that LSD1 sequence is highly conserved among species 

and mostly among vertebrates with two regions emerging for the highest  conservation  degree nearby 

exon 2 and exon 8 (hereafter exon E2a and E8a, respectively) of BC040194 transcript originarily isolated 

from human adult hippocampus (Fig. 1B and C), indicating the possible existence of two additional exons 

subject to  alternative splicing;  remarkably, introns that flank such annotated exons display a high 

percentage of conservation, suggesting an elevate degree of conservation at regulatory splice sites. In this 

LSD1 isoform, the amino acids coded by E2a localize between the N-terminal disordered region and the 

SWIRM domain, whereas the four residues of E8a immediately precede the CoREST-binding tower 

domain, which is inserted within the amine oxidase domain (Fig. 1A). The alternatively spliced introns 

present canonical donor/acceptor splice sites (supplemental Table 1, available at www.jneurosci.org as 

supplemental material from Zibetti et al.2010) and display a very high conservation degree between 

human and mouse (Fig. 1C), a typical feature of alternatively spliced exons (Sorek and Ast, 2003). 

Since inclusion of either predicted exons would neither alter the open reading frame nor introduce 

premature stop codons that would drive nonsense mediated decay, it was reasonable to hypothesize that 

full-length alternative spliced isoforms deriving from combinatorial inclusion of the predicted exons may 

retain functional properties. Therefore I performed an extended search for partial and complete 

transcripts containing one or both identified LSD1 exons was performed in the genomic sequences of 

different mammalian species, based on human LSD1 mRNA (GenBank accession number BC040194) 

(http://www.ncbi.nlm.nih.gov/BLAST/): all investigated species displayed at least one alternative exon 

and, most importantly, all E8a-containing expressed sequence tags (ESTs) derive from the nervous 
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system, as shown in supplemental Table 2 (available at www.jneurosci.org as supplemental material from 

Zibetti et al. 2010). I extended the analysis to other vertebrates to compare AOF2 gene structure 

throughout evolution: whereas E2a was present and highly conserved in lizard (data not shown), chicken, 

and mammals, E8a is fully preserved in mammals only. E2a is 60 bp long and encodes for 20 aa, whereas 

the E8a is 12 bp long and is translated into 4 aa with sequence Asp-Thr-Val-Lys. The inclusion of the two 

exons does not alter the reading frame and results in a protein of 876 aa that I named LSD1-2a/8a.                          

 

Figure 1. Genomic organization of human LSD1 gene. A, Schematic representation of the human LSD1 protein 
domains together with its exons ranging from 1 to 19; asterisks indicate the location of annotated alternative exons 
(E2a and E8a). Different colors indicate functional domains. N-terminal unstructured region coded by exons 1–2, 
SWIRM domain coded by exons 2– 4, the SWIRM-oxidase connector coded by exon 5, the amine oxidase domain 
coded by exons 6–9 and exons 13–19, and the tower domain (coded by exons 10 –12. Residue Met1 of this sequence 
corresponds to the first amino acid of the protein characterized (Shi et al., 2004). B, Human AOF2 alignment across 
vertebrates by GenomeVista browser (http://pipeline.lbl.gov/cgi-bin/GenomeVista). The “peaks and valleys” graphs 
represent percentage conservation at a given genomic coordinate between aligned sequences and the human 
sequence. Human exons are numbered. The top and bottom percentage bounds are shown to the right of every row. 
Regions of high conservation are colored as exons (blue) or noncoding (pink). Conserved regions are defined as 
regions with identity of 70% or higher that are wider than or equal to “minimal conservation width” (100 bp). C, 
Enlarged view of 650 bp of the alignment between human and mouse intronic regions containing the two 
alternatively spliced exons (E2a and E8a) and one constitutively included exon (E13). Highlighted bars above the 
conservation area correspond to annotated E2a, E8a, and E13 of human AOF2. Dark gray areas within the 
conservation graph mark exons; light gray areas mark conserved (above 70%) non-exonic sequences. 
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Exon E8a-retaining LSD1 splice variant is restricted to neuronal lineage 

The existence of an annotated human mRNA containing both E2a and E8a in an open reading frame 

prompted to the experimental validation of alternatively spliced isoforms containing the identified exons 

and to characterize their transcriptional profile on several samples derived from human, mouse, and rat 

tissues. I first investigated the presence of LSD1 splicing isoforms in a panel of total RNA samples from 

adult human tissues and cell lines (Fig. 2A,B) (supplemental Fig. 1, available at www.jneurosci.org as 

supplemental material from Zibetti et al. 2010). Through selective amplification of isoforms containing 

E8a (hPCR1), I found that LSD1-2a/8a was present in brain and testis, whereas the LSD1 with the sole E8a 

(LSD1-8a) was detected exclusively in brain tissues. Conversely, the amplification of isoforms excluding 

E8a (Fig. 2B,hPCR2) gave two products in all analyzed tissues, indicating that native LSD1 and LSD1-2a 

isoforms are ubiquitously expressed (see scheme in Fig. 2C). The identification of four mRNA species 

transcribed from the human AOF2 gene indicates that the retention of E2a and E8a are two independent 

events and the inclusion of E8a is a tissue-specific event that occurs only in neuronal tissues and testis. 

I extended the characterization of the tissue distribution of the four LSD1 splicing isoforms in adult 

mouse brain using the same approach performed on human tissues. As shown in Figure 2D, all the 

analyzed areas coexpress the four LSD1 isoforms and the overall amount of  LSD1 measured by real-time 

qPCR showed comparable amounts of LSD1 transcripts in the different areas (data not shown). To further 

refine the analysis, I set up a method, namely rqf-PCR (see methods) in which co-amplified LSD1 

isoforms are analyzed at high resolution by capillary electrophoresis. 

This method allowed the detection of quantitative differences in the expression levels of LSD1 isoforms 

among brain areas. This analysis (Fig. 2D,E) revealed that the four isoforms are similarly expressed in all 

investigated brain regions, suggesting a controlled balance between the inclusion and exclusion events 

within adult murine and rat CNS. Furthermore, because neuronal tissues contain variable percentage of 

glial components, I asked whether the presence of the neurospecific LSD1 (herein referred to as nLSD1) 

doublet detected in all evaluated nervous tissues might be attributable to neuronal rather than glial 

histotype or both. The analysis performed on selected rat primary cultures, that is hippocampal neurons, 

cortical neurons and cortical astroglia by fluorescent rqf- PCR revealed that glia is completely devoid of 

nLSD1 isoforms but retained the ubiquitous LSD1 (uLSD1) ones (Fig. 2F), whereas both hippocampal and 
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cortical neurons retain the full pattern of the four identified isoforms, confirming that E8a inclusion 

within nLSD1 variants strictly relates to the neuronal histotype. 

Because glial components (identified as GFAP-positive cells) do not exceed 2–3% in the evaluated 

neuronal cultures and the overall LSD1 protein levels did not appear to differ between neurons and glia 

(data not shown), I conclude that rqf-PCR quantification of coexisting LSD1 variants is reliably 

attributable to neurons. 

 

Alternative splicing generates four functional proteins 

Rat brain and heart tissues were assayed for the expression of LSD1 by SDS-PAGE and immunoblotting 

by a panLSD1 antibody revealed a discrete doublet of 110 kDa in both tissues (Diagenode). 

I further characterized the doublet by comparing the migration of endogenous LSD1 with tagged isoforms 

individually transfected in HeLa cells. As shown in Figure 2G, the isoforms that contain exon E2a (LSD1-

2a and LSD1-2a/8a) are upper shifted from the isoforms without it (LSD1 and LSD1-8a: the 

electrophoresis mobility displayed by the tagged LSD1 isoforms resumes the migration pattern of 

endogenous LSD1 proteins, suggesting that the doublet shared by and observed in neuronal and non-

neuronal tissues is most probably attributable to the presence and absence of exon E2a (20 aa long) within 

LSD1. Furthermore, because inclusion of the sole exon E8a (4 AA only) produces no detectable variation 

in electrophoretic mobility of the 110 kDa protein, the LSD1 and LSD1-2a cannot be distinguished from 

LSD1-8a and LSD1-2a/8a, respectively. To demonstrate the existence of endogenous proteins containing 

the exon E8a, an antibody was specifically produced against a short peptide containing the amino acids 

Asp-Thr-Val-Lys (exon E8a sequence). The anti-E8a antibody specificity was tested by  ELISA against the 

recombinant proteins (data not shown) as Ill as against the transfected cDNAs in HeLa cells (Fig. 2H). 

This antibody detected the presence of E8a-containing isoforms in rat brain tissues but not in heart, 

confirming that the four mRNA generated by alternative splicing are indeed translated in four proteins. 
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Effect of E2a and E8a inclusion on LSD1 enzymatic activity in vitro and three-dimensional structure 

To evaluate the enzymatic activity of the four different LSD1 splice variants, the three human 

recombinant LSD1 isoforms (LSD1-2a/8a, LSD1-2a, LSD1-8a) were analyzed by comparative biochemical 

assays using histone H3 peptides. Both E2a and E8a had a strong destabilizing effect on the purified 

recombinant LSD1, which prevented their further biochemical investigation. 

Fortunately, in vitro reconstitution of the complex formed by LSD1 with the corepressor protein CoREST 

by tandem-affinity purification strategies (Forneris et al., 2007) provided far more stable protein samples, 

enabling their structural and biochemical characterization. This finding indicated that the splicing 

variants retain the ability to form a stable complex with CoREST. Biochemical assays using histone H3 

peptides revealed that all three LSD1 isoforms bound to CoREST can demethylate Lys4 of histone H3 with 

a catalytic efficiency virtually identical to that displayed by conventional LSD1 (Table 1). Moreover, they 

are totally inactive on peptides monomethylated on Lys9. 

Recombinant LSD1-2a/8a, LSD1-2a, and LSD1-8a proteins were further investigated by x-ray 

crystallography. Crystals of their complex with the C-terminal region of CoREST (residues 305-482) and a 

21 aa H3 peptide were obtained under identical conditions to those used for LSD1 protein (Forneris et al., 

2007) (Fig. 3A). As for the native enzyme, also in the splicing variants, the N-terminal residues preceding 

Pro171 are disordered and not visible in the electron density map: this finding implies that, even in the 

presence of exon E2a (inserted between residues 170 and 171), the N-terminal region of LSD1 remains 

unstructured, at least in the crystalline state. Therefore, the structures containing E2a are 

indistinguishable from those lacking this insertion, the structural analysis should be focused to LSD1-8a 

in complex with CoREST and the histone peptide. 

The overall conformation of LSD1-8a is very similar to that of the native protein with a root-mean-square 

deviation of 0.30 Å for 666 Cα atoms. The E8a residues Asp-Thr-Val-Lys inserted between Ala369 and 

Asp370 of the conventional isoform generate an antiparallel β-turn located in proximity of one of the two 

helices that define the tower domain (Fig. 3A). Structural superpositions show that the presence of E8a 

does not cause any local conformational change (Fig. 3B). Likewise, the conformations of CoREST and of 

the bound histone peptide are identical to those observed in the structure of LSD1–CoREST–peptide 

complex. The exon residues are located on the rim of the open cleft that forms the substrate-binding site, 

but they are not in direct contact with either the histone peptide or CoREST (Fig. 3A). This observation is 
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in agreement with the biochemical evidence that the enzymatic activity and substrate specificity of LSD1 

splice variants are very similar to those of conventional LSD1 (Table 1). It is noteworthy that the E8a 

residues form a sort of protrusion that emerges from the main body of the protein. Such a feature 

indicates that these residues could easily form a docking site for other protein partners, which remain to 

be identified. 

 

 
 

 

Adapted from Zibetti et al. J. Neurosci., February 17, 2010 • 30(7):2521–2532 
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Inclusion of the neurospecific E8a exon modulates LSD1 repressive activity on a reporter gene 

LSD1 repressive function on target genes was further investigated to determine whether the inclusion of 

either exon E2a or E8a in LSD1 isoforms might alter LSD1 regulatory activity. Therefore, I transfected 

LSD1 splice isoforms in different cellular systems and compared their effect on luciferase reporter gene. 

As shown in Figure 4A, in HeLa cells, the inclusion of exon E2a does not cause any change in luciferase 

expression (LSD1-2a vs LSD1, 1.31 ± 0.48 vs 1.12 ± 0.24; p = 0.34, t test), whereas the presence of exon 

E8a results in a significantly reduced repression of luciferase reporter, as evaluated in the HeLa cell line 

(LSD1-8a vs LSD1, 3.11 ± 1.16 vs 1.12±0.24, p =0.008; LSD1-2a/8a vs LSD1, 4.17±0.78 vs 1.12 ± 0.24, p 

=5.3e-16, t test). Differences in repressive activity were further evaluated on a scale of reporter: repressor 

molar ratios in HeLa and SH-SY5Y cell lines (supplemental Fig. 3, available at www.jneurosci.org as 

supplemental material). Notably, also in rat cortical neurons, in which the neuronal LSD1 isoforms are 

physiologically expressed, LSD1-8a and LSD1 exhibit different repressor properties (LSD1-8a vs LSD1 in 

Fig. 4B at a molar ratio 1:0.5, 89.41 ± 2.82 vs 69.99 ± 5.68, p = 0.018; molar ratio 1:1, 64.16 ± 4.01 vs 43.85 

± 3.22, p = 0.029, t test). 
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Figure 4. Effect of the included exon E2a and/or E8a on LSD1 repressor activity and affinity for corepressor 
partners. A, The four indicated LSD1 splice variants fused to Gal4 –DBD were assayed for their ability to repress a 
reporter gene on HeLa cells at a constant reporter/repressor molar ratio. B, In rat cortical neurons, LSD1 and LSD1-
8a were compared at different reporter/ repressor molar ratios. The luciferase activity normalized over the activity of 
a co-transfected renilla reporter is expressed as percentage of the activity of the Gal4 –DBD vector at each molar 
ratio. Values are derived from at least three independent experiments. In A and B, a Student’s t test (l Stat t I > α/2) 
was applied to percentage values by comparing splicing isoforms with LSD1. *p<0.05; **p<0.01; ***p<0.001. C, 
Whole-cell immunocomplexes from HeLa cells overexpressing the indicated HA–LSD1 isoforms were obtained by 
HA antibodies and separated by SDS-PAGE. The Western blots were probed with antibodies to HA, CoREST, and 
HDAC2. Adapted from Zibetti et al. J. Neurosci., February 17, 2010 • 30(7):2521–2532 
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All recombinant LSD1 splice isoforms can be assembled into a CoREST complex 

Given that LSD1 corepressor activity relies on the multiprotein complex it belongs to  and the presence of 

E2a, E8a, or both might interfere with the formation of the complex with CoREST and associated 

proteins,  HeLa cells were transfected and  four LSD1 immunocomplexes were isolated and the presence 

of CoREST andHDAC2 was verified (Fig.4C). As well, LSD1 could be retrieved from brain derived 

CoREST immunocomplexes (supplemental Fig. 4A, available at www. jneurosci.org as supplemental 

material from Zibetti et al. 2010) although differences in enrichment of LSD1 splice isoforms can be 

detected (not shown). This finding, together with the biochemical and structural data (Fig. 3), 

demonstrate that inclusion of either exon does not preclude LSD1 interaction with known molecular 

partners and that LSD1 splice variants can function as corepressor factors similarly to the conventional 

isoform. 

A mechanism to explain the functional implication of the LSD1 isoforms diversity might arise from the 

combinatorial incorporation of different isoforms. Indeed, assembly of higher-order HDAC1/2 complexes 

requires two hetero-trimers each formed by CoREST, LSD1, and either HDAC1 or HDAC2 (Humphrey 

et al., 2001). Therefore, to test whether different isoforms might be incorporated into the same higher-

order HDAC1/2 complex HeLa cells were co-transfected with GFP-tagged LSD1 along with different HA 

tagged LSD1 isoforms. Supplemental Figure 4B (available at www. jneurosci.org as supplemental material) 

shows that it is possible to form hetero-oligomeric complexes in which different LSD1 isoforms are 

incorporated. 
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Expression of neurospecific LSD1 isoforms is regulated throughout brain development 

Considering that the inclusion of E8a is a neuro-restricted event, I inferred its function within CNS by 

relating its expression profile to peculiar stages of neuronal differentiation, by means of rqf-PCR. I 

collected rat cortical tissues at several developmental stages (Fig. 5A,B) performing a time course analysis 

of the relative amount of each variant: at early embryonic stages, all of the four LSD1 isoforms are 

detectable, with preponderant expression of the LSD1 and LSD1-2a (42 and 38%, respectively; data not 

shown) over neurospecific isoforms (LSD1-8a and LSD1-2a/8a, 12 and 8%, respectively; data not shown). 

Later on, within the perinatal window between E18.5 and postnatal day 1 (P1), a rapid inversion of the 

proportions occurs: E8a- containing isoforms undergo a threefold increase shifting from 12 to 50% and 

from 8 to 25%, respectively, with a concomitant threefold decrease of LSD1 and LSD1-2a isoforms (Fig. 

5A,B), and preponderance of E8a-containing isoforms is maintained until P7. Thereafter, LSD1 isoforms 

reach comparable levels and stabilize to the values measured in adult cortical cortex (compare with Fig. 

2E). Time course analysis performed on cerebellar tissues revealed a similar expression pattern of LSD1 

splice isoforms (Fig. 5 G,H). From these data, I calculated the inclusion frequency of either exon during 

development. Inclusion frequency of E2a, derived from the sum of LSD1-2a and LSD1-2a/8a (Fig. 5C, 

white squares), is rather constant, whereas the inclusion of E8a, calculated as the sum of LSD1-8a and 

LSD1-2a/8a (Fig. 5C, black squares), appears to be developmentally regulated. Overall LSD1 transcription 

and protein levels decrease between E18.5 and P1 and remain stable along subsequent stages of 

development (Fig. 5D,E). Because astroglia express only the ubiquitous isoforms (LSD1 and LSD1-2a) 

(Fig. 2F), a decrease in tissue glial composition may misleadingly indicate an increase in neurospecific 

isoforms (LSD1-8a and LSD1-2a/8a). Therefore, I also analyzed GFAP expression inferring glial relative 

contribution to isoform quantification. GFAP real-time qPCR analysis was performed from E18.5 to 

postnatal stages (supplemental Fig. 5A, available at www.jneurosci.org as supplemental material). 

Consistent with previous reports (Qian et al., 2000; Fox et al., 2004), GFAP is expressed at low levels in the 

perinatal window and constantly increases during postnatal development. This demonstrates that the 

detected increase of E8a is indeed caused by a neurospecific splice event, with no regard to glial 

composition. A parallel analysis showed that several synaptic markers arise during the perinatal window 

(E18.5 to P1) with a progressive increase over developmental stages (Fig. 5F), indicating that the inclusion 

frequency of E8a increases concomitantly with early stages of synaptogenesis. 
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Figure 6. LSD1 splicing analysis in a rat cortical neuron maturation system. A, In vitro maturation of cortical 
neurons prepared from E18.5 embryos (DIV0) was assessed by Western blot analysis of the indicated synaptic 
markers on total protein samples from the indicated DIV. Graphs represent the relative percentage of each isoform 
with respect to the sum of the four. Only two isoforms are shown per graph; B compares LSD1 isoform with LSD1-
8a, whereas C compares LSD1-2a isoform with LSD1-2a/8a. Values shown are mean±SD. D, Exon inclusion 
frequency of exons E2a and E8a. Each represented series relates to the overall inclusion of either E8a (black squares), 
calculated as the sum of LSD1-2a/8a and LSD1-8a relative percentage, and E2a (white squares), calculated as the sum 
of LSD1-2a and LSD1-2a/8a relative percentage, at each indicated developmental stage. E, Western blot on total 
protein samples from the indicated DIV with a panLSD1 antibody. Adapted from Zibetti et al. J. Neurosci., February 
17, 2010 • 30(7):2521–2532 
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nsLSD1 expression profile mirrors critical steps of neuronal development and contributes to neurite 

morphogenesis 

Since the peculiar expression profile of LSD1 made reasonable to hypothesize its possible implication in 

neuronal development, I perturbed the expression of LSD1 isoforms in rat cortical neurons, which 

represent a suitable model of neuronal maturation, as assessed through the expression of synaptic markers 

mirroring postnatal development (Fig. 6A) (Lee and Sheng, 2000; Sala et al., 2000, Gaudilliere et al. 2004). 

This model also recapitulates the physiological expression pattern of LSD1 isoforms that I initially 

observed in vivo: the four LSD1 isoforms are all detectable at day in vitro 0 (DIV0) (corresponding to rat 

E18.5), with LSD1-2a and LSD1 being most abundant; as neuronal maturation proceeds, neurospecific 

E8a-containing LSD1 isoforms progressively increase (DIV2) and become preponderant (DIV6) (Fig. 

6B,C). The overall inclusion frequency of either exon confirmed that E8a inclusion is developmentally 

regulated, whereas E2a inclusion does not change (Fig. 6D). Furthermore, LSD1 protein level analyzed by 

a panLSD1 antibody showed the same decrease during neuronal maturation that was observed in vivo 

(Fig. 6E). Also in this case, I verified whether any detectable variation of LSD1 isoforms might be 

influenced by a change in the proportion between neurons and glia during maturation in vitro. As 

indicator of astroglial contribution, I measured GFAP transcript, confirming (Fox et al., 2004) a 

persistently low expression from embryonic stage DIV0 (E18.5) to DIV4 and a robust increase detectable 

not sooner than DIV8 (supplemental Fig. 5B, available at www.jneurosci.org as supplemental material 

from Zibetti et al.2010) that is after the inversion of LSD1 isoforms proportion has occurred. 

Again, I can reliably assume that the increase of E8a inclusion in the cellular model is attributable to the 

neuronal differentiation, with no regard to glial composition. To infer the function of LSD1 isoforms 

within neurons, I knocked them down differentially by generating short hairpin RNAs (shRNAs) specific 

for either neurospecific exon E8a or the splice junction between exon E8 and E9, which is shared among 

ubiquitous LSD1 isoforms. Hairpins containing vectors were generated and tested for isoform specificity 

and efficacy (supplemental Fig. 6, available at www.jneurosci.org as supplemental material). I transfected 

cortical neurons at DIV4 with hairpins containing vectors and analyzed at DIV8 (Fig. 7A–C) and 

evaluated phenotypic traits that describe neuronal morphogenesis during in vitro maturation, including  

cumulative neurite length, the number of branches, and neurite width by Sholl’s analysis performed on 
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increasing radii from centered soma (Fig. 7D–F) (Sholl et al. 1953, Gutierrez et al.2007). The 

knockdown of ubiquitous isoforms ensued little or no effect when compared with control according to 

cumulative neurite arborisation, branch count, and neurite width. Conversely, the silencing of 

neurospecific isoforms altered neurite morphogenesis by eliciting a significant decrease of the cumulative 

neurite arborisation (Fig. 7D), a reduced number of secondary branches (Fig. 7E), and a reduced average 

neurite width (Fig. 7F). [The following series are scrambled compared with shRNAvs8a or shRNAvs8/9 

conditions with related p values: neurite length (in μm) in Figure 7D, 897.21 ± 225.9, 664.42 ± 170.9, 

p=4.99e-4; 1063.44±229.5, p=0.06; neurite branches in Figure 7E, 11.08 ± 1.54, 8.88 ± 1.59, p = 0.048; 

11.16 ±2.13, p = 0.95; neurite width (in μm)in Figure 7F at inner radius, 1.42±0.12, 0.95 ±0.078, p = 4.95e-

9; 1.29 ±0.14, p = 0.16; intermediate radius, 1.27 ±0.11, 0.85 ± 0.074, p = 7.21e-9; 1.12 ±0.12, p = 0.08; 

outer radius, 1.13 ±0.1, 0.79 ±0.064, p = 1.01e-6; 0.98 ± 0.098, p = 0.05; two tailed t test.] 

Furthermore, I evaluated neurite morphogenesis after overexpressing LSD1 neurospecific isoforms, since 

this was expected to exert opposite effects to those observed during knockdown experiments. Neurons 

were transfected at DIV4 with enhanced GFP (EGFP) vector alone (mock condition) (Fig. 8A) and co-

transfected with HA-tagged LSD1 isoforms, both neuronal (pCGN–LSD1-8a plus pCGN–LSD1-2a/8a 

indicated as nLSD1 condition in Fig. 8B) and ubiquitous ones (pCGN–LSD1 plus pCGN–LSD1-2a 

indicated as uLSD1 condition in Fig. 8C). As expected, overexpression of neurospecific isoforms induced 

an increase in the morphometric parameters compared with controls (Fig. 8D–F), whereas overexpression 

of ubiquitous isoforms did not result in any significant effect. [The following series are mock compared 

with nLSD1 or uLSD1 conditions with related p values: neurite length (in μm) in Figure 8D, 783.7 ±116.9, 

943.8 ±132.1, p = 0.03; 799.9 ±101.5, p = 0.41; neurite branches in Figure 8E, 17.24 ± 5.67, 23.92 ± 4.64, p 

= 0.03; 12.56 ± 2.63, p = 0.07; neurite width (in μm) in Figure 8F at inner radius, 0.835 ± 0.09, 1.239 ± 

0.11, p = 2.12e-8; 0.855 ± 0.07, p=0.36; intermediate radius, 0.7339±0.09, 1.1313±0.11,p=2.27e-8; 

0.7419±0.06, p=0.44; outer radius, 0.5995±0.08, 0.8876 ±0.07, p = 2.01e-7; 0.6225 ±0.05, p = 0.32; one-

tailed t test]. To discern the relative contribution of each E8a-containing isoform in mediating the 

morphogenic effect on neurons, I performed a parallel experiment, transfecting either LSD1-8a or LSD1-

2a/8a. As shown in supplemental Figure 7 (available at www.jneurosci.org as supplemental material from 

Zibetti et al. 2010), LSD1-8a is responsible for the morphogenic effect with LSD1-2a/8a partially 
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recapitulating the phenotype that was observed under the nLSD1 condition (Fig. 8) in which both 

isoforms are present. 

In conclusion, while the knockdown of neurospecific LSD1 isoforms delays neurite morphogenesis, 

overexpression of the same seems to anticipate features that normally arise at later stages under 

physiological conditions. Conversely, perturbation of ubiquitous LSD1 variants, either by knock down or 

transfection, sorted no statistically significant effect when compared with controls. Because experimental 

conditions only differed for E8a retention in both experiments, the morphogenic effects likely rely on 

exon E8a presence. 
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Figure 8. Effect of overexpression of neurospecific or ubiquitous LSD1 isoforms on neurite morphology in rat 
cortical neurons. Primary rat cortical neurons were transiently cotransfected with pCGN vector (mock) (A), EGFP 
together with HA–LSD1-8a plus LSD1- 2a/8a (nLSD1) (B), HA–LSD1 plus LSD1-2a (uLSD1) (C). Morphology was 
analyzed in EGFP-positive neurons (mock) or double-labeled EGFP- and HA-positive neurons. D, Cumulative 
neurite length in differentially LSD1 transfected neurons is indicated as mean ± 0.95 C.I.  in micrometers. E, 
Secondary branches count is indicated ±SEM 0.95 C.I.. F, Average neurite width by Sholl analysis calculated on 
inner, intermediate, and outer Sholl’s circles corresponding to 20, 25, and 30 μm radii, respectively. Values shown 
are mean ± 0.95 C.I. width in micrometers. Student’s t test (l Stat t I>Tα) was applied to values by comparing each 
condition with mock. *p<0.05; **p<0.01; ***p<0.001. Scale bars, 20μm. Adapted from Zibetti et al. J. Neurosci., 
February 17, 2010 • 30(7):2521–2532 
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LSD1 genome wide location in cortical neurons by high throughput ChIP-sequencing 

To further characterize the role of LSD1 splice variants in the regulation of gene expression in the nervous 

system, I performed chromatin immunoprecipitation followed by high throughput sequencing on rat 

cortical neurons (experiment performed at Rosenfeld laboratory, UCSD, School of Medicine, San Diego, 

CA).  ChIP-seq was done at e18.5+div7, when the neurospecific variant proved to be highly expressed (see 

Fig.6) by means of an antibody recognizing all the four isoforms (Fig. 10), providing the overall LSD1 

genome wide location in the CNS, with a major contribution from the neuro-specific LSD1 isoform, 

according to the in vitro developmental stage. 

I pursued a subtractive approach to infer gene sets specifically related to the LSD1 neurospecific isoforms,  

comparing a mock sample where all the four variants are expressed with a knocked sample where either 

the neurospecific or the  ubiquitous variants are selectively silenced by means of   lentiviral- mediated 

shRNAs delivery. Even though all the ChIP fragments are expected to be called over threshold (non 

stochastic frequency of sequenced tags, Poisson distribution), those obtained under the two experimental 

conditions should differ for the score over false discovery rate since the enrichment of the related tags 

depends on the contributing LSD1 isoform being immunoprecipitated:  RNA interference of a specific 

LSD1 isoform would determine a  depletion  (lower score over fdr) of the corresponding fragments rather 

than a complete loss (no significant enrichment over local background), depending on the efficacy of the 

silencing. Conversely, peaks calling  for the cognate LSD1 isoforms wouldn’t be affected, since their 

expression would be unaltered relative to the mock condition. 

While further optimization is still required for lentiviral- mediated LSD1 silencing, ChIP-sequencing in 

control conditions led so far to an extensive characterization of genes that are complexively regulated by 

all LSD1 splice variants expressed in developing cortical neurons at DIV7, providing 11 million reads, 

94% of which uniquely mappable to genomic positions and 10% of which annotated to promoters 

residing at less than 1000 bp from a referenced TSS. 
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 Computational analysis of high throughput Chip sequenced reads: genome indexing, reads 

alignment and tags density 

The obtained 35-bp long ChIP –seq reads were aligned onto the indexed reference genome (Rat Nov. 

2004-Baylor 3.4/rn4 assembly) comparing results from two open source multiple sequence alignment 

tools, differing for matching tolerances: bowtie (http;//bowtie-bio.sourceforge.net/index.html) (Langmead 

et al., 2009), and GASSST (global alignment short sequence search tool, 

http://www.irisa.fr/symbiose/projects/gassst/html) (Rizk et al.  2010) (see methods). UCSC genome 

browser (http://genome.ucsc.edu/) was configured to display custom tracks from bowtie and GASSST 

aligned tags onto the Rat Nov.2004 Baylor 3.4 rn4 assembly and to visualize the related ChIP-fragment 

densities, as the total number of overlapping tags at each position in the genome. 

 

 

Quality Controls and Parameter Estimation 

 

The minimum amount of immunoprecipitated material was guaranteed, as verified by the clonal tag 

counts (<1.2 tags per position) (tag count by HOMER at 

http://biowhat.ucsd.edu/homer/chipseq/index.html): the DNA from sonicated Chip sample should 

fragment in a random pattern, making relatively rare that fragments start in exactly the same location in 

the genome, which is unavoidable for regions with high ChIP enrichment, though if most fragments in 

the sample have several reads in the same positions, this is indicative of clonal reads since a limiting 

amount of starting material will likely lead to over sequencing of the same fragments, generating high 

clonal tag counts.   Bowtie alignment of LSD1 chip reads provided 1.061107 average tags per position, 

comparable to  GASSST aligned average tags (1.063926) (Fig.13).Moreover, since the estimation of the 

fragment length affects the prediction of the binding site, an autocorrelation analysis of the sequenced 

tags position was performed.  The estimates of the fragment length and peak width were computed (tag 

autocorrelation tool, HOMER) comparing results obtained from bowtie and GASSST (Fig.14)  
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Figure 13. Tags count plot: the total number of tags per genomic position was calculated  to check for clonality of 
sequenced reads.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 14a,b. Chip Seq Tags autocorrelation plots. Distances separating each tag from the subsequent one along the 
same chromosome  were plotted on histogram referring to the same strand or the  opposite.  The estimate of the 
sequencing fragment length is derived from the maximum in autocorrelation signal on the opposite strand 
downstream of the reference tag. The level of opposite strand found at the reference tag provides an estimate of the 
background of the ChIP seq signal, since tags found in opposite strands facing away from each other cannot measure 
the same protein bound to the DNA. From the background level peak width, which is the relative range in fragment 
size, is also retrieved.  
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Peaks calling and annotation 

High throughput sequencing of LSD1 sample through Solexa platform (Illumina) generated  12.416.494 

total reads resulting in 11.700.737 bowtie identified tags ( unique mappable positions)  versus  11.101.216 

unique position detected by GASSST.  Fragment length estimate from bowtie aligned tags is 76 bp with a 

peak width of 268 bp, whereas  GASSST provided a fragment length estimate of 150 bp and an peak width 

estimate of 150 bp (tag info, HOMER Fig.14). 

Two different peaks calling methods, including Homer (Fig. 15 c and d) (Hypergeometric Optimization of 

Motif EnRichment, http://biowhat.ucsd.edu/homer/) and MACS (Fig.15 b)(Model-based analysis of Chip-

seq, http://liulab.dfci.harvard.edu/MACS/index.html), were applied to identify Chip enriched regions,  

hereafter peaks, defined after clustered tags observed at a non-stochastic frequency.                             

Key features of MACS are empirical modeling of 'd' distance between maxima on sense and antisense tags, 

3’ terminal tag shifting by d/2 to putative protein-DNA interaction site and the use of a dynamic λ local to 

capture local biases in the genome. Genome is scanned for candidate peaks with significant tag 

enrichment and those below a user-defined threshold are called a (p-value cutoff set at 10-5) (see 

methods).                                                                                                                                                           

HOMER determines the threshold of tags needed to call a peak significant by assuming that non-enriched 

ChIP-fragment concentrations are approximated by a stochastic distribution (Poisson distribution, p-

value cutoff set at 0.001; see methods for fdr  threshold).  Briefly, tags positions are adjusted of half the 

estimated ChIP-fragment length in the 3' direction relative to the original position of the tag and genome 

is scanned applying a fixed peak size, sorting positions with the highest tag density through those with the 

lowest one assigning putative peaks and masking nearby positions within the minimum distance 

acceptable for neighboring peaks (see methods). Results from peaks annotation were plotted basing on the 

proximity to the nearest annotated gene; promoters were called whether located  within 1000 bp upstream 

a referenced TSS(Homer), or up to 3000 bp (CEAS software).  
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Figure 15 a,b,c,d. a)Genomic distribution of rat reference genome (Rat Nov.2004 Baylor 3.4/rn4 Assembly) over 
gene categories. Computation was performed by means of CEAS software b) Genomic distribution of LSD1 sv Chip-
seq peaks (n=4687) in E18.5+div7 rat cortical neurons. Sequenced tags were aligned onto Ref Genome (Rat 
Nov.2004 Baylor 3.4 rn4 Assembly) by means of bowtie. 12.416.496 total reads generated 11.700.737 unique 
mappable positions. Fragment length estimate used for ChIP seq is 76 bp with a peak width of 268 bp. Peaks called 
by MACS were annotated by means of CEAS software. c)Genomic distribution of LSD1 sv Chip-seq peaks (n=6756) 
in E18.5+div7 rat cortical neurons. Sequences tags were aligned onto Ref Genome (Rat Nov.2004 Baylor 3.4 rn4 
Assembly) by means of bowtie. 12.416.496 total reads generated 11.700.737 unique mappable positions. Fragment 
length estimate used for ChIP seq is 76 bp with a peak width of 268 bp. Peaks were called and annotated by means of 
HOMER software. d)Genomic distribution of LSD1 sv Chip-seq peaks (n=6702) in E18.5+div7 rat cortical neurons. 
Sequences tags were aligned onto Ref Genome (Rat Nov.2004 Baylor 3.4 rn4 Assembly) by means of GASSST. 
11.810.875 total reads generated 11.101.216 unique mappable positions. Fragment length estimate used for ChIP seq 
is 150  bp with a peak width of 150 bp. Peaks were called and annotated by means of HOMER software. 

 

Peaks annotated to promoters were displayed on UCSC genome browser (Fig.16a and b) checking for 

their proximity to the TSS of a known rat RefSeq gene (-1000-200 bp), for an equal distribution of sense 

and antisense tags and for the 5’UTR genomic conservation (Multiz Alignment tool). GNF atlas 

expression and rat ESTs (expressed sequence tags) were also displayed to detect any specific or differential 

expression of the target gene in the central or peripheral nervous system.  Genomic sequence gaps, 

neighboring CpG islands and repeats were also considered for possible tags alignments bias.  

Whenever the nearest reference rat sequence is provisional or not available in UCSC integrated database,  

and on the basis of evidence from ESTs  and N-Scan, it is reasonable to suspect that a miscategorization 

may have occurred: in this regard, the proximity of the intergenic peak to an orthologous validated gene 

could possibly allow further refinement of the promoters annotation.   

Furthermore, in some cases (Calm3, Ndufb4, Syt6, Tdrd3), multiple LSD1 locations could be retrieved 

short and long distance from the same TSS,  with the distant peaks matching regions genomically 

conserved  and devoid of ESTs (Fig.16b), making improbable that such binding locations may relate to 

other un-annotated promoters. For such cases, it is feasible to hypothesize a wide-range regulatory role 

rather than a promoter –restricted function.  Therefore I considered at first all the LSD1 annotated gene 

categories for downstream analysis and opted subsequently for a more conservative approach on the 

subset of  promoters regions. 
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To characterize extensively the pattern of TFs that could possibly participate in the regulation of LSD1 

target genes, I scanned the identified promoters regions for enriched TF binding sites, by means of 

MatInspector (http://www.Genomatix® .de/en/index.html). LSD1 bound regions (200 bp width) were 

extended of 350 bp upstream and 50 bp downstream the located peak, since 600 bp long promoters are 

randomly extracted from MatInspector library as control set for p-value calculation of TF enrichment (see 

table below, 0.75/Opt.), (Cartharius et al.,2005) (http://www.Genomatix® 

.de/online_help/help/scores.html).Two position weight family matrices, grouping similar or functionally 

related TF binding sites were applied, including the vertebrates (V$) and the general core promoter 

elements one (O$). The optimized threshold for the matrices is set by default at the minimum similarity 

level allowing  up to three false positive matches in 10.000 bp of non-regulatory test sequences 

(core/matrix similarity cutoff set by default at 0.75/optimized)(Fig.18, output series obtained with default 

settings, see methods).   

By applying a more stringent core/matrix similarity cutoff (1/opt+0.05) three TF binding sites families 

keep displaying a significant enrichment: O$TF2B (p-value 4.11908E-18),O$TF3C (0.041) core promoter 

family matrices and V$SIX3(0.048) vertebrate matrix ( diencephalon development , GO:0021536  and 

forebrain anterior/posterior pattern formation GO:0021797). Among the TFBS displaying the highest 

number of occurrences (number of matches) and representation (number of sequences) V$TALE, 

V$NEUR and V$CREB (regulation of neuron differentiation, GO:0045665) and V$NKXH (neuron fate 

specification GO:0048665), $VSP1F and V$TCFF (anatomical structure morphogenesis,GO:0009653) 

were found. 
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Figure 18. Prediction of putative TFs co-regulating the identified LSD1bound genes was performed extending the 
target promoters up to 600 bp, matching the default length of the background promoters randomly extracted from 
MatInspector library to perform enrichment calculation. Output matching a minimum core/matrix similarity of  
0.75/optimized are displayed. 
 

Search Results (88692 matches) 

[Statistics]

MatInspector Release 
professional 8.0.4, August 
2010 Sat Oct 16 08:50:34 2010

Solution parameters:

Sequence files:

extended 350bp <(prom 200 bp wide annotated 
peaks)>50bpGASST aligned Homer Called.seq (700 
sequences, 420000 bp)

Family matches: yes
MatInspector library: Matrix Family Library Version 8.2 (January 2010)
Selected groups: Vertebrates (0.75/Optimized)
(core/matrix sim) General Core Promoter Elements (0.75/Optimized)

Statistics:

Matrix Family p-value Help No. of matches
No. of 
sequences

O$TF3A 0.00E+00 1 1
V$NRF1 3.01E-70 1305 338
V$E2FF 1.10E-58 2065 619
O$MTEN 3.75E-57 786 409
V$CDEF 2.34E-54 445 290
V$AHRR 1.97E-38 788 445
V$ZF5F 3.85E-38 760 304
O$XCPE 6.53E-38 616 368
V$SP1F 9.94E-33 1616 562
V$EGRF 1.21E-31 1870 542
V$WHNF 9.93E-30 462 307
V$HIFF 4.85E-25 683 345
V$CTCF 9.15E-22 1190 475
V$DEAF 8.92E-21 361 262
V$HESF 9.85E-21 951 425
O$TF2B 4.12E-18 203 158
V$HNFP 2.81E-16 181 152
V$HDBP 1.33E-14 356 205
V$CHRE 1.67E-12 233 184
V$ZBPF 1.99E-12 1653 494
O$TF2D 3.28E-11 212 175
V$PAX5 2.14E-10 670 393
O$TF3C 6.38E-10 73 66
V$MAZF 3.35E-09 817 404
V$EBOX 1.92E-08 1073 449
V$ETSF 5.93E-08 2329 674
V$PAX9 1.06E-07 192 154
V$MYBL 2.68E-07 1063 538
V$DMTF 3.85E-07 225 191
V$NRSF 1.20E-06 676 403
V$PAX3 1.91E-06 321 261
V$HICF 2.93E-05 220 179
V$XBBF 4.35E-04 719 407
V$YBXF 5.77E-04 251 206
V$ZF35 9.65E-04 232 193
V$E4FF 1.10E-03 323 209
V$AP2F 1.91E-03 327 224
V$GRHL 8.37E-03 407 268
V$KLFS 1.21E-02 1745 595
V$GLIF 1.27E-02 618 394
V$PAX1 1.30E-02 96 91
V$NOLF 1.40E-02 377 277
V$MTF1 1.97E-02 142 114
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Known motifs enrichment and prediction of de novo motifs 

Known motifs enrichment and prediction of de novo motifs were computed globally on all the annotated 

regions by means of HOMER software (Hypergeometric Optimization of Motif EnRichment, 

http://biowhat.ucsd.edu/homer/).   First, input sequences corresponding to the identified peaks are 

selected from the genome, calculating the CpG/CG content. Genomic control fragments of a specified size 

and matching the CpG characteristics of the input sequences are randomly extracted. Motifs are scored 

for differential enrichment between two sets of genes which are represented by co-regulated gene 

promoters (input sequences) and either non-regulated extracted genes or background sequences, the 

latter assumed as a random collection of A,C,G and T. Once target and background sequences are chosen 

within 100 Kb and checked for CpG islands bias, HOMER searches for motifs of a specific length that are 

overrepresented in the target set relative to the background set.  This enrichment is measured using the 

Fisher exact test with no requirements in terms of degeneracy or number of occurrences. Due to the finite 

amount of data and many degrees of freedom in a motif probability matrix, the cutoff is set at 1e-10 to 

exclude false positives (http://biowhat.ucsd.edu/homer/introduction/motifDetails.html).  Motifs are 

scored and displayed as probability matrices that are representative of the consensus oligo with small 

arbitrary probabilities assigned to the non-consensus nucleotides. Sequence logos were generated using 

WebLOGO (http://Iblogo.berkeley.edu) (Fig.19b). Statistics was applied to 50.000 total sequences and 

6700 target sequences (Fig.19a).  
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Figure19a. Known motifs enrichment. Analysis performed by means of HOMER software on GASSST aligned tags. 

Motif Name Consensus P-value Log P-value
Number of 
Genes

Number of 
regulated Genes

Number of Genes 
with Motif

number of 
regulated genes 
with Motif

NF1-halfsite/LNCaP-NF1-ChIP-Seq/Homer TTGCCAAG 5.97E-30 -6.73E+01 50000 6699 7740 1359

SeqBias: GCW-triplet GCAGCAGCAGCA 2.12E-26 -5.91E+01 50000 6699 25465 3814

CTCF/CD4+-CTCF-ChIP-Seq/Homer ANAGTGCCACCTGGTGGCCA 2.63E-23 -5.20E+01 50000 6699 937 238

X-box/NPC-H3K4me1-ChIP-Seq/Homer GGTTGCCATGGCAA 2.21E-22 -4.99E+01 50000 6699 495 149

RFX/K562-RFX3-ChIP-Seq/Homer CGGTTGCCATGGCAAC 4.15E-18 -4.00E+01 50000 6699 377 115

Foxo1/RAW-Foxo1-ChIP-Seq/Homer CTGTTTAC 2.25E-17 -3.83E+01 50000 6699 9944 1593

Stat3+il23/CD4-Stat3-ChIP-Seq/Homer NNCTTCCNGGAAGN 8.12E-16 -3.48E+01 50000 6699 3329 604

Foxa2/Liver-Foxa2-ChIP-Seq/Homer CNTGTTTACATA 3.70E-15 -3.32E+01 50000 6699 4304 749

NFY/Promoter/Homer AGCCAATCGG 7.32E-13 -2.79E+01 50000 6699 3984 685

Nanog/mES-Nanog-ChIP-Seq/Homer GGCCATTAAC 9.33E-12 -2.54E+01 50000 6699 21197 3094

NF1/LNCAP-NF1-ChIP-Seq/Homer CTTGGCANNNTGCCAA 7.55E-11 -2.33E+01 50000 6699 1321 260

Tcf12/GM12878-Tcf12-ChIP-Seq/Homer NCAGCTGCTG 2.48E-09 -1.98E+01 50000 6699 3895 645

Lhx3/Forebrain-p300-ChIP-Seq/Homer CTAATTAGCN 1.90E-08 -1.78E+01 50000 6699 5215 830

MyoD/Myotube-MyoD-ChIP-Seq/Homer AGCAGCTGCTNN 4.76E-08 -1.69E+01 50000 6699 3096 516

NFAT/Jurkat-NFATC1-ChIP-Seq/Homer ATTTTCCATT 1.14E-06 -1.37E+01 50000 6699 4344 686

Oct4/mES-Oct4-ChIP-Seq/Homer ATTTGCATAA 1.26E-06 -1.36E+01 50000 6699 2280 383

GFX/Promoter/Homer ATTCTCGCGAGA 3.53E-06 -1.26E+01 50000 6699 59 22

STAT4/CD4-Stat4-ChIP-Seq/Homer NTTTCCNGGAAA 3.68E-06 -1.25E+01 50000 6699 4626 721

Tlx/NPC-H3K4me1-ChIP-Seq/Homer CTGGCAGNCTGCCA 7.69E-06 -1.18E+01 50000 6699 1595 274

Oct2/Bcell-Oct2-ChIP-Seq/Homer ATATGCAAAT 9.54E-06 -1.16E+01 50000 6699 1613 276

CTCF-SatelliteElement/CD4+-CTCF-ChIP-
Seq/Homer TGCAGTTCCNNNNNTGGCCA 1.27E-05 -1.13E+01 50000 6699 86 27

JunD/K562-JunD-ChIP-Seq/Homer ATGACGTCATCN 2.08E-05 -1.08E+01 50000 6699 361 77

YY1/Promoter/Homer CAAGATGGCGGC 4.86E-05 -9.93E+00 50000 6699 334 71

STAT5/mCD4+-Stat5a|b-ChIP-Seq/Homer NTTTCTNAGAAA 8.82E-05 -9.34E+00 50000 6699 1536 257

CEBP:AP1/ThioMac-CEBPb-ChIP-Seq/Homer NATGTTGCAA 2.57E-04 -8.27E+00 50000 6699 3304 510

AR-halfsite/LNCaP-AR-ChIP-Seq/Homer CCAGGAACAG 4.09E-04 -7.80E+00 50000 6699 19421 2727

ZBTB33/GM12878-ZBTB33-ChIP-Seq/Homer GGNTCTCGCGAGAAC 6.13E-04 -7.40E+00 50000 6699 133 32

Stat3/mES-Stat3-ChIP-Seq/Homer CTTCCNGGAA 6.31E-04 -7.37E+00 50000 6699 2424 379

CEBP/CEBPb-ChIP-Seq/Homer ATTGCGCAAC 6.32E-04 -7.37E+00 50000 6699 2813 435
EWS:ERG-fusion/CADO_ES1-EWS:ERG-ChIP-
Seq/Homer ATTTCCTGTN 1.34E-03 -6.61E+00 50000 6699 3722 560

Sox2/mES-Sox2-ChIP-Seq/Homer NCCATTGTTC 1.82E-03 -6.31E+00 50000 6699 4546 674

E2F/Cell-Cycle-Exp/Homer TTCGCGCGAAAA 1.88E-03 -6.28E+00 50000 6699 182 39
TEAD(TEA Domain)/Fibroblast-PU.1-ChIP-
Seq/Homer NCTGGAATGC 2.96E-03 -5.82E+00 50000 6699 2930 443

c-Jun-CRE/K562-cJun-ChIP-Seq/Homer ATGACGTCATCN 3.06E-03 -5.79E+00 50000 6699 1160 188

FOXA1/LNCAP-FOXA1-ChIP-Seq/Homer AAAGTAAACA 3.58E-03 -5.63E+00 50000 6699 6936 1001

GFY/Promoter/Homer ACTACAATTCCC 3.88E-03 -5.55E+00 50000 6699 250 49

ETS/Promoter/Homer AACCGGAAGT 8.47E-03 -4.77E+00 50000 6699 1639 253

Pbx3/GM12878-PBX3-ChIP-Seq/Homer NCTGTCAATCAN 9.28E-03 -4.68E+00 50000 6699 931 150

ELF1/Jurkat-ELF1-ChIP-Seq/Homer ANCCGGAAGT 1.03E-02 -4.58E+00 50000 6699 2590 387

NF1:FOXA1/LNCAP-FOXA1-ChIP-Seq/Homer NNTGTTTATTTTGGCA 1.27E-02 -4.37E+00 50000 6699 203 39

TATA-Box/Promoter/Homer CCTTTTATAGNC 1.48E-02 -4.21E+00 50000 6699 6694 954

AARE/mES-cMyc-ChIP-Seq/Homer GATTGCATCA 1.83E-02 -4.00E+00 50000 6699 285 51

ATF3/K562-ATF3-ChIP-Seq/Homer NGGTCACGTGAC 1.95E-02 -3.94E+00 50000 6699 665 108

NFkB-p65/GM12787-p65-ChIP-Seq/Homer NGGGGATTTCCC 2.04E-02 -3.89E+00 50000 6699 1963 294
Unknown/Homeobox/Limb-p300-ChIP-
Seq/Homer NGCAATTAAA 2.34E-02 -3.76E+00 50000 6699 3339 486

PAX3:FKHR-fusion/Rh4-PAX3:FKHR-ChIP-
Seq/Homer ACCGTGACTAATTNN 2.41E-02 -3.73E+00 50000 6699 946 148

SPDEF/VCaP-SPDEF-ChIP-Seq/Homer ACATCCTGNT 3.65E-02 -3.31E+00 50000 6699 5143 731

FOXA1/MCF7-FOXA1-ChIP-Seq/Homer AAAGTAAACA 3.71E-02 -3.30E+00 50000 6699 5739 813

CRE/Promoter/Homer CGGTGACGTCAC 4.41E-02 -3.12E+00 50000 6699 826 128
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Figure 19b. LSD1-sv ChIP sequenced enriched known motifs displayed as probability matrices, with the consensus 
sequence and the related co-occurring lower probability sequences. Motifs are displayed by means of WebLogo 
graphics.  Known enriched motifs are listed from the top with the highest p-value significance. 

1. NF1-halfsite/LnCAP-Chip seq-homer, p-value 5.97 e-30 

 

2. Seq-bias GCw triplet, p-value 2.12 e-26 

 

3. CTCF/CD4+-CTCF Chip seq-homer, p-value 2.63 e-23 

 

4. X-box NPC/H3K4 1me –Chip seq-homer, p-value 2.21 e-22 

 

5. RFX,K562 , RFX3, Chip-seq-homer, p-value 4.15 e-18 

 

          6.    FOXO1-RAW/FOXO1 Chip-seq-homer,  p-value 2.25 e-17 

 

7. Stat3 + IL23/CD4-Stat3 Chip-seq-homer, p-value 8.12 e-16 
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De novo motifs discovery was done similarly, by computing motifs assignments on a set of total unrelated 

genes extracted from the rat genome and comparing the relative nucleotide occurrence with a selected 

number of target genes. Alignments were manually checked for any putative motif to occur in the core of 

the best match matrix. Low complexity motifs containing degenerate nucleotide sequences were 

discarded, as well as simple repeat motifs and motifs occurring in less than 5% of the target set (< 330 

occurrences). De novo motifs meeting these criteria include Sox18, HNF1b, NR2e3 and TCF7. More 

permissively, GFY/STAF, Spt2, AR, RfxDc2, Stb3, Spdef2, were also retrieved (Fig.20a and b). 

 

Figure 20a. De novo motifs enriched. Analysis performed by means of HOMER software on GASSST aligned tags 

 

 

De novo motifs

P-value log P-value Best Match/Details Alignment de novo motif with  the best match Total seq target seqs
Total instances of 
Motifs

Total 
instances 
of motifs 
in 
targets

0.00E+00 -1.63E+03PB0171.1_Sox18_2 ACTGAATTCCACC 50 6700 335 330
nnnnTGAATTCAnnnC

0.00E+00 -1.42E+03
GFY-
Staf/Promoter/Homer AGTTCCCAATAG 298.1 293

AACTACAATTCCCAGAATGC
0.00E+00 -8.94E+02MA0387.1_SPT2 CCGTTCGTTAAA 154 153

TTCNTTAANT
0.00E+00 -8.73E+02MA0007.1_Ar ACGTTGCTCTAT 151 150

GGNNGGTACANGNTGTTCTTAN
0.00E+00 -8.23E+02PH0168.1_Hnf1b AACTAACTGA 411 340

AGCTGTTAACTAGCCGT
7.119e-310 -7.12E+02PB0160.1_Rfxdc2_2 CGAATCTAAGTA 176 170

NTNNCGTATCCAAGTNN
2.33E-212 -4.87E+02MA0390.1_STB3 AAATTTTGAT 230 193

NNNNAGTGAAAAATTTTNGAC
1.08E-184 4.24E+02PB0181.1_Spdef_2 GCGAATCCTA 80 80

GATAACATCCTAGTAG
2.12E-170 -3.91E+02MA0164.1_Nr2e3 AATGCTTG 2911 934

AAGCTTG
2.37E-125 -2.87E+02PB0187.1_Tcf7_2 CTTATTAC 362 214

TTNCCAGCTG

5.36E-116 -2.65E+02
PF0160.1_CAGNYGKNAA
A CCCATCTG 4253 1102

TTTNCCAGCTG
CTAGGCGA 174 105

1.08E-64 -1.47E+02PB0056.1_Rfxdc2_1 NCCGTTGCTANGNGN
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Therefore, I searched for TF binding sites overrepresented in the 200 bp wide annotated promoters 

RegionMiner (http://www.Genomatix® .de/en/index.html)  in order to predict any structural subclasses of 

transcription factors that may directly interact with the LSD1 chip regions. The length of the input 

sequences was left unaltered (Fig.22) excluding false positive matches that may arise from a 

common TFs search task applied on extended sequences (Fig.18). The analysis was also performed 

on intergenic annotated regions localized within 3000 bp from TSS obtained from LSD1 ChIP sequencing.  

All occurrences of the matches are calculated by MatInspector over promoter background in Rattus 

Norvegicus NCBI build 4 reference genome. For each predicted TFBS the following parameters were 

computed (Fig. 22): promoter association referring to  TFBS families known to occur more than 

twice as often in promoters as in genomic sequence, total number of input sequences displaying a 

match with the known TFBS matrix and the total number of matches. Further parameters are the 

expected number of matches (within an equally sized background sample retrieved from genome 

or non-related promoters), overrepresentation based on a binomial distribution (fold increase of 

matches found in the input set relative to the number of matches observed in the equally sized 

background set) and the z-score (distance from the population mean in units of the population 

standard deviation, see methods).  
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Results: Overrepresented TF Families

Matrix LibMatrix Library 8.2

Extension
350 bp upstream, 50 bp downstream

Input: 700 sequence(s) with a1000bp<TSS located promoters

Z-score: the distance from the population mean in units of the population standard deviation.
Promoter association: TF Families known to occur more than twice as often in promoters as in genomic se

Listing of all TF Families

TF FamilieProm. assZ-Score (gZ-Score (promoters)
V$E2FF no 64.01 29.71
V$NRF1 yes 196.37 25.35
V$HIFF no 34.93 16.28
V$CDEF yes 74.47 16.27
O$MTEN yes 82.64 16.01
V$HESF yes 38.69 15.02
V$ZF5F yes 93.68 14.77
V$WHNF yes 52.23 13.91
V$AHRR yes 39.15 13.48
V$ETSF no 22.66 12.11
V$MYBL no 15.31 10.65
V$DEAF yes 37.54 10.37
V$HNFP yes 21.14 9.52
V$EBOX no 28.02 9.51
V$E4FF no 11.92 9.12
O$XCPE yes 62.04 8.42
V$CREB no 7.89 8.18
O$TF2D yes 22.18 7.85
V$XBBF no 16.62 7.56
V$DMTF no 14.9 6.35
V$PAX3 no 12.83 6.32
V$PAX5 yes 28.76 6.29
V$GRHL no 7.08 6.14
V$CHRE yes 21.82 6.05
O$TF3C no 6.1 5.79
V$NRSF yes 26.72 5.32
V$YBXF no 8.78 5.22
V$GABF no 12.26 5.15
V$CAAT no 1.32 5.03
V$PAX9 yes 22.22 4.96
V$HEAT no 2.51 4.82
V$ZF35 no 12.78 4.36
V$SP1F yes 60.18 3.88
V$EGRF yes 66.89 3.81
V$SMAD no 7.67 3.51
O$TF2B yes 40.3 3.48
V$PAX1 no 4.51 3.37
V$GZF1 no -1.15 2.77
V$MOKF no 7.97 2.58
V$BARB no 1.36 2.5
V$RBP2 no 9 2.39
V$HICF yes 20.32 2.24
V$ZFIA no 6.68 2.15
V$MEF3 no 4.38 1.96
V$GCNR no -3.57 -1.9
V$GCMF no 5.33 -2.03
V$AP4R no 6.34 -2.12
V$MAZF yes 36.5 -2.16
V$P53F no 0.2 -2.17
V$THAP no -4.01 -2.21
V$MYT1 no -13 -2.26
V$BNCF no 0.92 -2.28
V$LEFF no -7.44 -2.38
V$FXRE no -2.28 -2.39
V$PPAR no -4.46 -2.51
V$BRAC no -7.18 -2.55
V$IRFF no -10.59 -2.65
V$AP1R no -1.84 -2.67
V$SREB no -0.95 -2.77
V$TCFF no -5.38 -2.87
V$NR2F no -3.61 -3.03
V$ZFXY yes 9.51 -3.04
V$PTF1 no -1.55 -3.08
V$CHRF no -9.23 -3.09
V$RORA no -7.86 -3.18
V$YY1F no -9.33 -3.18
V$PAX2 no -9.73 -3.18
V$SIXF no -7.74 -3.31
V$HMTB no -9.66 -3.39
V$SNAP no -10.44 -3.39
V$AIRE no -7.6 -3.44
V$AP1F no -7.35 -3.47
V$NFAT no -9.66 -3.48
V$RP58 no -4.69 -3.56
V$BCL6 no -9.09 -3.64
V$PERO no -4.29 -3.71
V$HOXH no -10.38 -3.78
V$NF1F no -4.11 -3.93
V$PRDF no -8.21 -3.96
V$TEAF no -5.65 -3.98
V$MITF no -7.22 -4.17
V$INSM no 5.78 -4.19
V$KLFS no 20.65 -4.2
V$NEUR no -2.1 -4.2
V$MZF1 no 9.43 -4.24
V$SIX3 no -6.69 -4.31
V$PURA yes 3.25 -4.4
V$RREB no 6.48 -4.57
V$CLOX no -16.51 -4.67
V$GFI1 no -11.14 -4.73
V$CEBP no -12.4 -4.8
V$ZFHX no -5.25 -4.98
V$SALL no -10.44 -5.22
V$RXRF no -2.11 -5.44
V$RUSH no -15.95 -5.47
V$CHOP no -8.49 -5.73
V$BCDF no -16 -6.01
V$SRFF no -12.18 -6.27
V$ZBPF yes 46.65 -6.29
V$AARF no -9.15 -6.41
V$MYOD no 3.56 -6.61
V$HOXC no -18.37 -6.95
V$PLAG yes 16.28 -7.1
V$FAST no -15.89 -7.34
V$HOMF no -28.89 -8.23
V$NKX1 no -16.51 -8.27
V$PAXH no -18.05 -8.28
V$GATA no -20.75 -8.51
V$NKXH no -22.59 -8.54
V$HNF6 no -19.4 -8.95
V$HAND no -10.13 -8.98
V$ARID no -20.23 -9.07
V$HNF1 no -23.73 -9.32
V$SORY no -25.54 -9.61
V$PARF no -23.33 -9.86
V$ATBF no -18.72 -9.87
V$MEF2 no -21.77 -10.17
V$SATB no -19.22 -10.19
V$DMRT no -22.58 -10.29
V$CDXF no -22.76 -10.33
V$IRXF no -18.85 -10.49
O$PTBP no -23.3 -10.78
O$YTBP no -23.91 -10.92
V$EVI1 no -22.37 -11.22
V$PDX1 no -21.95 -11.5
V$DLXF no -24.14 -11.93
V$FKHD no -30.21 -12.14
V$ABDB no -29.21 -12.63
V$PIT1 no -24.51 -12.74
O$VTBP no -30.03 -12.94
V$NKX6 no -27.09 -13.82
V$CART no -34.7 -15.5
V$HBOX no -34.98 -16.89
V$BRN5 no -33.91 -17.1
V$HOXF no -39.07 -19.19
V$LHXF no -41.19 -20.06
V$OCT1 no -42.25 -21.63
V$BRNF no -45.28 -23.24
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Figure 22. RegionMiner analysis of overrepresented TFBSs was applied to the 200 bp wide promoters associated 
(1000<TSS)(upper table) and a subset of intergenic associated (3000-1000bp<TSS) (lower table) LSD1-ChiP-seq 
regions.The following parameters are indicated: promoter association,total number of input sequences, total number 
of matches. Further parameters are the expected number of matches  overrepresentation over each considered 
background set the z-score . Matches displaying a significant  -2 < Z < 2 score are indicated in bold.  

 

 

 

 

 

 

Results: Overrepresented TF Families

Extension
350 bp upstream, 50 bp downstream

Input: 114 sequence(s) with a3000-1000bp<TSS intergenic regions

Z-score: the distance from the population mean in units of the population standard deviation.
Promoter association: TF Families known to occur more than twice as often in promoters as in genomic se

Listing of all TF Families

TF FamilieProm. assZ-Score (gZ-Score (promoters)
V$E2FF no 13.78 4.88
O$TF3A no 2.86 3.23
V$ZFTR no 1.1 3.07
V$TEAF no 1.45 2.58
V$HOMF no -5.1 2.18
O$MTEN yes 17.19 2.07
V$AHRR yes 10.75 2.06
V$NEUR no 2.09 2.03
V$HBOX no -5.64 1.96
V$MYOD no 2.17 -1.99
V$NRF1 yes 16.11 -2.11
V$ZBPF yes 9.11 -2.11
V$EGRF yes 9.07 -2.12
V$OCT1 no -10.73 -2.27
V$AP2F yes 2.08 -2.38
V$PAX5 no 2.4 -2.47
V$GABF no -5.5 -2.8
O$TF2B yes 3.42 -2.88



 
99 

 

The analysis of de novo motifs was also repeated on the annotated promoters (regions located <1000 bp 

from a RefSeq associated TSS) by means of CoreSearch tool(http://www.Genomatix® .de/en/index.html)  

(Wolfertstetter et al, 1996). Quality thresholds include the number of binding sites in a target sequence (at 

least 4 nt) and the number of matches to the matrix expected in a random sequence of 1000 bp (<5): the 

random expectation value (RE-value) of the defined motifs is given in the output(Fig.23) in order to 

estimate the quality of the motifs. Large-scale analysis (>250 input sequences) allowing  the computation 

of the most represented motif was first performed scanning the overall set of promoters for a minimum  7 

to 10 bp core, a minimum match occurrence in 5% of input sequences and matrix similarity cutoff at 0.8 

on both strands and with unlimited number of matches per sequence. The best match identified 

corresponds to V$ETSF family matrix (151 matches /609 aligned seqs, embryonic development 

GO:0009790, organ morphogenesis GO:0009887, skeletal system development GO:0001501, multicellular 

organismal development GO:0007275, negative regulation of cell proliferation GO:0008285).  Notably 

V$ETSF family matrix comprises Spdef2 previously matched with a de novo motif by HOMER analysis 

performed on the overall pool of  ChIP sequences.  Analysis was reiterated on subsets of 250 promoters 

regions and on intergenic regions located within 3000 bp from the TSS  in order to compute the 10 most 

frequent de novo motifs. Among the best matches the V$FKHD family matrix was found including the 

FOXO1 TF , previously identified as best match by de novo HOMER analysis on all the LSD1 bound 

regions (embryonic development GO:0009790, skeletal system development GO:0001501, anatomical 

structure morphogenesis GO:0009653), V$RXRf (embryonic hindlimb morphogenesis GO:0035116, 

induction of apoptosis by hormones GO:0008628, negative regulation of cell proliferation GO:0008285, 

steroid metabolic process GO:0008202), V$SF1F (embryonic development GO:0009790, anatomical 

structure morphogenesis GO:0009653, cell differentiation GO:0030154, male gonad development 

GO:0008584,regulation of steroid biosynthetic process GO:0050810) and V$NRF1(generation of 

precursor metabolites and energy, GO:0006091).  
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A variety of chromatin remodeling complexes are thought to orchestrate transcriptional programs that 

lead neuronal precursors from earliest commitment to terminal differentiation, dynamically enduring in 

response to environmental cues (Greer et al.2008), though most epigenetic complexes display an 

ubiquitous pattern of expression which enables them to sort widespread biological functions, setting the 

need to further investigate possible neuro-specific mechanisms underlying neuronal specification and 

development.                                                                                                                                   

    Alternative splicing is considered one of the most powerful biological devices that convey 

diversification of gene function without a corresponding increase in gene number (Xing  et al. 2006, 

Kopelman et al. 2005, Parmley at al. 2007) giving rise to evolutionary complexity, especially for 

mammalian species. Notably, most of splicing events occur on CNS related transcripts, expanding 

molecular variability of the resultant proteins,  which participate to fundamental nervous processes from 

axon guidance and synapse formation (Lipscombe 2005, Ule and Darnell 2006; Licatalosi and Darnell 

2006) to higher cognitive functions, including learning and memory (Grabowski et al. 2001).         

           Here I report that mammalian neurons  express a  functionally specialized splice variant of the 

histone demethylase LSD1, which is restricted to the neuronal histotype: the neuro-specific LSD1 variant 

is dynamically regulated during perinatal brain development and early synaptic establishment when it 

contributes to the acquisition of neurite morphology and  its functional diversification partly relies on 

exon specific phosphorylation.    Although  LSD1 epigenetic function in the vertebrate nervous system has 

remained elusive, its implication in neuronal processes has been inferred previously through its interactor, 

the transcriptional silencer REST which prevents the ectopic expression of neuron-specific genes outside 

CNS and mediates chromatin plasticity throughout neurogenesis (Ballas et al., 2005), whereas in the adult 

nervous system (Garriga-Kanut et al. 2006; Palm et al., 1998) REST function can be modulated by 

alternative splicing (Palm et al., 1998; Shimojo et al. 1999; Zuccato et al., 2003).                            

A comparative analysis of LSD1 genomic sequence across vertebrates and exon retrieval from ESTs 

databases led me to identify three mammal LSD1 variants, generated by either single or double inclusion 

of two alternatively spliced exons, namely E2a and E8a. Thus, there are four LSD1 isoforms: LSD1, the 

conventional one, LSD1-2a, LSD1-8a, and LSD1-2a/8a. The former two are ubiquitous, while the latter 

ones are restricted to a terminally differentiated neuronal histotype.   E2a is conserved from the lizard and 
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chicken genomes till mammals whereas the neuro-specific exon E8a is exclusively present in mammals. 

Although traces of E8a can be found also in the lizard genome suggesting that it appeared together with 

E2a in the common ancestor of mammals, birds and reptiles, it is absent in all non mammal organisms, 

indicating that selective pressure may have determined the functional preservation of  E8a in mammals, 

possibly related to brain ontogenesis. Most relevant, the  processing of LSD1 transcript undergoes a 

dynamic modulation within the perinatal window, when fundamental processes take place, as confirmed 

by the time course analysis of several synaptogenic markers. In this phase, exon E8a inclusion frequency is 

dramatically prompted, resulting in the preponderance of  neurospecific isoforms over the ubiquitous 

ones. Indeed, transcriptional profiling of the developing rat brain revealed that the most dramatic changes 

in gene expression occur postpartum (Stead et al., 2006), underscoring the relevance of early postnatal life 

as a critical phase of neural organization and differentiation (Shalizi et al. 2007, Kim et al.2008).    The 

splicing dynamics of LSD1 isoforms can be fairly reproduced in cultured cortical neurons, with an 

inversion of  proportions  occurring between the second and the fourth day in vitro (DIV). In this model 

the overexpression of neurospecific LSD1 isoforms at early stages promotes neurite morphogenesis, as 

revealed by the analysis of neurite arborisation, branches complexity and neurite thickness, whereas the 

imbalance of the ubiquitous isoforms devoid of E8a elicits no effect, suggesting that the four amino acids 

peptide coded by E8a is responsible for the observed phenotype, reflecting the timing of neuronal  

development; consistently, the reversal of this effect can be observed upon silencing of the neuro-specific 

nsLSD1 splice variants.  Complexively, these results relate the “wave-like” perinatal expression of exon 

E8a to the acquisition of neuronal morphology, setting the basis for LSD1 role in the regulation of 

neurodevelopment-related genes.                                                                                                                                                             

     Different modus operandi can be prospected for the nsLSD1 splice isoform: the inclusion of E8a may 

provide a tool to tune LSD1 epigenetic activity on targets that are shared by all the splice variants, as they 

are contemporarily expressed in the nervous system. In such case, a distinction between neurospecific and 

ubiquitous isoforms may arise from posttranslational modifications on exon E8a generating a loop 

protruding from the surface of the protein, as revealed by the structural characterization. Notably, 

computational analysis of putative LSD1 phosphorylation sites predicted a high score threonine residue 

within the neuro-specific exon which in vivo proved susceptible of post-translational modification at early 
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postnatal stages, according to mass spectrometry analysis of the immunoprecipitated LSD1 

neuropeptides. Results from luciferase reporter assay and morphologic analysis on cortical neurons upon 

preferential expression of the modified rather than unmodified isoform clearly indicate in the 

phosphorylation of the neuro-specific exon a mechanistic basis for functional diversification of LSD1 

variants in the nervous system: when compared to the wtLSD1 isoform, phosphorylated nsLSD1 relieves 

the reporter gene from repression, which conversely can be rescued by the unphosphorylated counterpart 

suggesting that, while ubiquitous isoforms repress neuronal genes by default (Shi et al.2004), the modified 

nsLSD1 would relieve them from repression at specific developmental stages and the extent at which 

phosphorylation occurs would determine the final regulatory outcome. Noteworthy is the fact that no 

statistic difference emerges from the transfection of the native nsLSD1 compared to the phosphorylated 

variant, suggesting that most of native nsLSD1  is likely to  undergo phosphorylation in vivo, at least at the 

considered developmental stages (PN1 in rat cortex and div4 in cortical neurons), possibly turning LSD1 

into a sensor of environmental cues and a platform of converging signaling pathways. A  similar scenario 

has already been described for MeCP2 in adult cortical neurons, where a depolarizing treatment induces a 

massive phosphorylation of the CpG binding protein causing its dissociation from target genes and their 

repression relief  by chromatin remodeling (Ballas et al.2005, Zhou et al.2006).  Moreover, since the four 

LSD1 isoforms can be expressed within the same histotype where they variably interact, a combinatorial 

assembly into a common CoREST complex may occur, widening the repertoire of the co-repressor 

complexes:  the  transcriptional regulation would rely on the frequency at which  LSD1 splicing and 

phosphorylation occur, providing a double layered control to modulate its function in the brain. Notably, 

the assembly of neuro-specific factors in different combination has already been described (Olave et al., 

2002)  increasing the complexity of epigenetic regulation within CNS (Lessard et al.2007, Wu et al., 2007).           

           Another modus operandi can be prospected for LSD1 splice variants, by assuming that promoters 

occupancy may rely on the interactivity with different molecular partners, which is likely considering that 

no DNA binding domain has been structurally defined for LSD1 so far (Forneris et al. 2005). 

Experimental data demonstrated that the inclusion of neurospecific E8a within the amine oxidase domain 

does not preclude LSD1 binding to histone peptides and recombinant LSD1 variants retain comparable 

demethylase activity if tested in the presence of the C-terminus of CoREST which acts as a stabilizing 
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factor in vitro and is essential to prevent protein degradation in vivo (Shi et al. 2004), suggesting that a 

reduced availability of or affinity for CoREST might affect LSD1 isoforms activity. Insightful data also 

come from lincRNA Hotair  which is mainly expressed in primary foreskin fibroblasts where it acts as 

bimodular scaffold recruiting polycomb repressive complex 2 at 5’terminal and LSD1 at 3’ terminal. Upon 

Hotair interference LSD1 occupancy at HOXD proximal promoter is lost (Tsai et al. 2010), suggesting that 

specific lincRNAs could potentially direct complex patterns of chromatin states at specific genes in a 

spatially and temporally organized manner during development and disease states (Guttman et al. 2009). 

Consistently, in neurons the ubiquitous LSD1 variants cannot recapitulate the neurite traits elicited by the 

neuro-specific counterparts regardless of their phosphorylation state, indicating that the genes regulated 

by nsLSD1 may differ indeed from those regulated by the ubiquitous isoforms: the early embryonic stage 

at which  the neurospecific variants can be detected, their association with a terminally differentiated 

neuro-restricted phenotype and their morphogenic role on neurites may possibly underlie the regulation 

of specific genes related to the neuronal commitment and the exit from the cell cycle as well as neuronal 

maturation. Notably,  telencephalic tissues from E13.5 embryos, stage at which nLSD1 can be detected, 

have been considered a primary source of early neuronal and glial restricted progenitors (Maric et al. 

2003).    To test this hypothesis I performed LSD1 chromatin immunoprecipitation followed by high 

throughput sequencing on rat cortical neurons. ChIP-seq was done at e18.5+div7, when the neurospecific 

variant proved to be highly expressed by means of an antibody recognizing all the four isoforms providing 

the overall LSD1 genome wide location in the CNS, with a major contribution from the neuro-specific 

LSD1 isoform, according to the in vitro developmental stage.  Even though a comparison of the obtained 

targets upon overexpression of the different tagged LSD1 variants may promptly provide verification of 

this hypothesis, limiting quantities of endogenous interactors permissive to LSD1 promoters binding 

(Tsai et al.2010) may lead to false negative results, whereas a subtractive approach would be resilient to 

such bias.  Therefore I pursued a subtractive approach to infer gene sets specifically related to the LSD1 

neurospecific isoforms,  comparing a mock sample where all the four variants are expressed with a 

knocked sample where either the neurospecific or the  ubiquitous variants are selectively silenced by 

means of   lentiviral- mediated shRNAs delivery. 

Despite all the ChIP fragments are expected to be called over threshold, the two experimental conditions 

should differ for the enrichment of the related sequenced tags depending on the contributing LSD1 
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isoform being immunoprecipitated:  RNA interference of a specific LSD1 variant would determine a  

depletion of the corresponding fragments rather than a complete loss, depending on the efficacy of the 

silencing. Conversely, peaks calling  for the cognate LSD1 isoforms wouldn’t be affected, as their 

expression would be unaltered relative to the mock condition.  While further optimization is still required 

to achieve lentiviral- mediated silencing and distinction of targets associated to the different splice 

variants, ChIP-sequencing performed in control conditions led so far to an extensive characterization of 

genes that are complexively regulated by all LSD1 splice variants expressed in developing cortical neurons, 

providing  11 million reads,  94% of which uniquely mappable to genomic positions resulting in 6700 

called peaks, 10% of which annotated to promoters, residing at less than 1000 bp from a referenced TSS,  

where the sharp profile characterizing the average tags distribution clearly indicates a direct role for LSD1 

in promoters regulation.  Nonetheless, given that the peaks assignment to gene categories relies on the 

proximity to the nearest reference gene and a high proportion of coding sequences in the rat genome are 

provisional or incomplete, most of peaks are necessarily annotated as intergenic, possibly leading to an 

underestimation of LSD1 regulated promoters.  Moreover, a wide-range regulatory role  for LSD1 rather 

than a promoter –restricted function can be hypothesized for those genes where multiple binding 

locations can be found at short and long distance from the same TSS,  with the distant peaks matching 

regions genomically conserved  and devoid of ESTs, making improbable that such binding locations may 

relate to other un-annotated promoters. Therefore I considered at first all the annotated peaks for 

downstream functional analysis and opted subsequently for a more conservative approach on the selected 

subset of promoters. From gene ontology categorization several  classes were found involved in 

developmental processes and control of cell fate decisions, regulation of cell cycle, calcium induced 

neuronal signalling and inherent categories were found for TFs whose binding sites are predicted to recur 

in the LSD1 identified promoters. Interestingly, for some of the genes for which LSD1 displays multiple 

binding locations short and long distance to the TSS, an altered  expression has been reported upon long-

lasting synaptic enhancement (Kawaai et al. 2010, Greer et al. 2008, Aizawa et al. 2004, Pfenning et al. 

2010), suggesting that LSD1 cooperative binding at promoters regions and putative enhancer sites may 

occur.  Notably, widespread transcription at neuronal enhancers and coding regions upon depolarization 

has already been described, relating eRNAs synthesis to K4H3-1me levels (Kim et al. 2010).  Considering 

that enhancers recruit the transcriptional co-activator p300/CBP,  bind histone H3 monomethylated at 
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lysine 4 and that they are located distally from known transcription start sites (Heintzman et al. 2007, 

Visel et al. 2009,  Xi et al. 2007), the definition of of LSD1/p300 co-occurrent binding patterns in cortical 

neurons might provide insightful hints on a possible K4H3 histone demethylase role in the regulation of 

enhancer activity.   

       To conclude, the present study provides evidence that the time-lapsed expression of the neurospecific 

LSD1 splice isoforms contributes to the early neurite morphogenesis of cortical neurons where  all the 

splice variants are compresent and that phosphorylation at exon E8a constitutes a mechanistic basis for 

their functional specialization in the CNS, where the frequency at which LSD1 splicing and 

phosphorylation occur would provide a double layered control to modulate its activity, determining the 

final regulatory outcome on target genes.  Future directions may focus on the identification of the kinase 

responsible for nsLSD1 phosphorylation in vivo and its molecular interactors  by mass –spectrometry 

while further efforts will allow the selective identification of target genes that are uniquely associated to 

the nsLSD1 variant through its exclusive genome-wide location. 
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