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ABSTRACT 
 

Biological and Biochemical Role of Two LSD1 Associated 

Alternatively Spliced SWIRM Domain 

Yara Fadaili 

 LSD1 is the first described histone demethylase which demethylates 

H3K4me1/2 (Shi et el., 2004), thus, causing transcriptional repression. 

Alternatively, LSD1 was demonstrated to have H3K9me1/2 demethylase activity 

when bound by androgen receptor, hence, causing transcriptional activation 

(Schule et al., 2005). LSD1 is commonly recruited by the so called CoREST core 

complex including: RCOR1, HDAC1 and HDAC2 among others and therefore is 

coupled with histone deacetylation and transcriptional repression (Foster et al., 

2010). It is an important regulator of pluripotency in early development and it 

occupies, along with pluripotency factors NANOG and OCT4, the promoters of 

major lineage determining genes that are poised for activation in the pluripotent 

state, (Adamo et al., 2011). There are four described isoforms for LSD1: LSD1, 

LSD1-E2a, LSD1-8a and LSD1-E2a/E8a (Zibetti et al., 2010). While the C-

terminus of LSD1 is extensively studied and the function of the isoforms LSD1-E8a 

and LSD1-E8aE2a is described, there is scarce knowledge on LSD1 N-terminus 

unstructured region and the SWIRM domain. In this project I examined the role of 

the differently spliced exon 2a on the function of the SWIRM domain through 

generation of eight constructs coding for the N-terminal portion of LSD1 SV1 and 

SV2 fused with a C- or N-terminus FLAG tag. I then performed an 

immunoprecipitation experiment followed by mass spectrometry and proteomics 
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analysis that led to the identification of previously unknown binding partners to the 

LSD1 SWIRM domain: NONO and IGF2B3. 
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CHAPTER1. INTRODUCTION 

1.1 KDM1A Function  

Nuclear DNA is packaged in a sophisticated manner where every 147 bp 

are wrapped around an octamer of a pair of histones: H2A, H2B, H3 and H4, 

making nucleosome core particle (NCP) (Richmond et al., 1997). Multiple 

chromosomes are linked together through linker DNA and histone H1, making a 

chromatin fiber with ~200 bp nucleosome repeats (McGhee and Felsenfeld, 1980). 

The formation of higher order looping of these fibers leads to highly complex 

packaging and eventually to the chromosomes. The expression of the right set of 

genes in any cell type is tightly controlled through multiple post translational 

modifications (PTMs) that occur on the histone N-terminal tails and are deposited 

by histone modifiers (writers and readers) and chromatin remodelers. PTMs of 

histone N-terminal tails include acetylation by histone acetyl transferases (HATs), 

methylation by histone methyl transferases (HMTs), phosphorylation by histone 

kinases, ubiquitination by E1, E2 and E3 ligases among others. (Bannister and 

Kouzarides, 2011) 

 Of particular relevance is histone methylation since it has been associated 

to both gene activation and repression depending on the site of the methylation. 

Methylation can occur at lysine (K) residues or Arginine (R) residues. While 

arginine methylation has been linked to transcriptional activation (Kirmizis et al., 

2007), lysine methylation cause either transcription activation or repression 

depending on site of methylation. Methylation at K9, K27 and K20 of histone H3 

N-terminal tail (H3K9me, H3K27me and H3K20me) is associated with gene 
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repression. On the other hand, methylation at K4, K37 and K79 of histone H3 N-

terminal tail (H3K4me, H3K36me and H3K79me) is associated with gene 

expression (Shi et al., 2004).  These marks were thought to be permanently 

deposited until the discovery of the first lysine specific demethylase LSD1, back in 

2004 by Yang Shi and colleagues (Shi et al., 2004). LSD1, also known as KDM1A 

and BHC110, is a histone demethylase that demethylates mono- and di- 

methylated lysine 4 (H3K4me1/2) residues leading to gene repression (Shi et al., 

2004). Notably, it has also been associated to gene activation upon binding to 

androgen receptor (AR), through a substrate specificity switch from H3K4me1/2 to 

H3K9me1/2 (Schule et al., 2010).  

 LSD1 is involved in the maintenance of pluripotency in human embryonic 

stem cells through a fine tune regulation of the level of H3K4me2 to H3K27me3 at 

bivalent domains of early developmental genes (Adamo et al., 2011).  Bivalent 

domains are characterized by the presence of two opposing activating 

(H3K4me2/3) and repressing (H3K27me2/3) marks. These domains are found at 

promotors of key developmental genes and hold them repressed but poised for 

activation upon differentiation (Bernstein et al., 2005).  It has been demonstrated 

that a large proportion of the poised gene promoters occupied by LSD1 are also 

co-occupied by OCT4 and NANOG indicating that the pluripotency factors could 

recruit LSD1 on target genes and drive transcriptional repression (Adamo et al., 

2011).  

 Several reports demonstrated that LSD1 substrates are not restricted to 

histone N-terminal tail and that p53 (Huang et al., 2007), DNMT1 (Wang et al., 
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2008), and E2F1(Kontaki and Talianidis, 2010) can be subjected to LSD1-

mediated demethylation in different cellular cell types. Of particular interest is DNA 

methylation, due to its importance during early development. DNA methylation is 

usually associated with transcriptional silencing. Global DNA methylation in mouse 

ES cells is maintained by the action of LSD1 through demethylation of DNMT1 and 

thus maintain the stability of the protein. With conditional knockout of LSD1, it has 

been shown that there was a reduction of turnover and half-life of DNMT1 which 

in turn leads to reduced global DNA methylation in these cells. (Wang et al., 2008) 

1.2 KDM1A Binding Partners 

 LSD1 is found tightly bound in a complex with the corepressor of repressor 

element 1 silencing transcription factor CoREST, along with histone deacetylase 

HDAC1 and HDAC2 (Hakimi et al., 2003) and the interaction with CoREST is 

essential to maintain H3K4me1/2 demethylase activity (Shi et al., 2005). The 

recruitment of the CoREST/LSD1 complex by the transcription factor REST leads 

to repression of transcription of target neuronal genes in non-neuronal cells (Ballas 

et al., 2001). CoREST also binds to Chromatin binding protein; CtBP a co-

repressor known to interact with multiple DNA binding transcription factors 

(Chinnadurai et al., 2002). 

Foster and colleagues in 2010, provided evidence on the important role of 

the LSD1/CoREST/HDAC1/2 complex in regulating the differentiation, lineage 

determination and axis formation during early embryonic development. By using a 

mouse embryonic stem cell line conditionally deleted for LSD1 Foster and 

colleagues showed that LSD1 depletion causes a decrease in the levels of 
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CoREST and HDAC and subsequently to an increase in global H3K56ac resulting 

in the disruption of key transcriptional networks during early embryonic 

development (Foster et al., 2010). Therefore, a functional link between LSD1 

demethylating activity and HDAC deacetylation activity is presented (Foster et al., 

2010) as described previously by Sheikhattar and colleagues (Sheikhattar et al., 

2006). 

 LSD1 bound complexes were isolated and studied by Sheikhattar and 

colleagues in 2006, as he was able to produce FLAG-LSD1 expressing cell lines 

that enabled LSD1 bound complexes to be purified in a single step of affinity 

purification. He identified a multi protein complex including HDAC1/2 and the Sin3 

corepressor that acts as co-repressor of multiple DNA binding repressors such as: 

Mad, REST and nuclear hormone receptor (Hassig et al., 1997). Other DNA 

binding proteins that are found in this subunit include: candidate transcriptional 

regulator for X-linked mental retardation ZNF261/XFIM, transcriptional regulator 

associated with myeloproliferative disorders ZNF198/FIM, and transcriptional 

regulator associated with ovarian cancer ZNF217 (Shiekhattar et al., 2003).  

 LSD1 is also found to be in a complex with AR in normal and malignant 

prostate cells (Schule et al., 2005). AR cause transcriptional activation of target 

genes. It also promotes cells proliferation through the recruitment of LSD1 to target 

genes and causing it to change its substrate specificity from demethylating 

H3K4me1/me2 to H3K9me1/me2. It has been demonstrated through GST pull 

down experiment that the full length LSD1, SWIRM domain alone and amine 

oxidase like (AOL) domain interact with three different domains of AR: DNA binding 
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domain (DBD), the ligand-binding domain (LBD) and N-terminus and that the 

knockdown of LSD1 alters the transcriptional activation program and proliferation 

induced by AR.  

1.3 KDM1A Structure  

 The structure of KDM1A was resolved by two independent groups back in 

2006. The group of Chen and colleagues (Chen et al., 2006) provided a 2.8 Å 

resolution crystal structure of KDM1A, while, Hoelz and colleagues provided a 2.9 

Å resolution crystal structure of KDM1A (Stavropoulos, Blobel and Hoelz, 2006). 

They both described the 852 amino acid polypeptide sequence and its 

arrangement into three main regions: 1) The N-terminus unstructured region, 2) 

the Swi3p, Rsc8p and Moira (SWIRM) domain and 3) the amino oxidase like (AOL) 

domain from which a Tower domain is protruding. However, both utilized an N-

terminal deleted constructs for the generated crystal structures.  

 The N-terminal portion of KDM1A it is characterized by a largely disordered 

portion and the presence of a nuclear localization signals. A study carried by 

Forneris and colleagues in 2005 showed that the first 184 amino acid at the N-

terminus are nonessential to the catalytic activity of LSD1. When trying to look at 

the possible 3-dimensional organization of the stretch of 184 amino acid through 

proteolysis experiments, it was noted that it is subjected to proteolysis and thus it 

was and still is defined as an unstructured region. (Forneris et al., 2005) 

 The SWIRM (Swi3p- Rsc8p and Moira) domain is found in many chromatin 

modifying protein complexes. Tochio and colleagues in 2006 classified the SWIRM 

domain based on amino acid sequence homology and architecture into three 
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different types: 1) Swi3p/Rsc8p-type, 2) Ada2p-type and 3) LSD1-type. Of interest 

is the LSD1-type SWIRM domain which, as reflected by the name, is specific to 

KDM1A/LSD1. (Tochio et al., 2006) 

The LSD1 SWIRM domain is composed of 6 alpha helices that are 

characterized by a central long 𝛼4 surrounded at the SWIRM N-terminus by 𝛼1, 𝛼2 

and 𝛼3 while on at the SWIRM C-terminus by 𝛼5 and 𝛼6. When looking at the 

sequence conservation between LSD1 SWIRM domain and the chromatin 

remodeling proteins Ada2 and Swi3, it was noted that there is substantial 

sequence homology in the C-terminus of SWIRM with an enrichment of 

hydrophobic residues, whilst the N-terminus is highly divergent and specific for the 

LSD1 SWIRM (Tochio et al., 2006). Looking more closely to the C-terminal part of 

the LSD1 SWIRM domain two unique 𝛽 sheets can be identified, the first, proximal, 

is found between 𝛼4 and 𝛼5 loop, and another, more distal, at the C-terminus. 

They both projects into the hydrophobic pocket created by the LSD1 AOL domain, 

and could play a role in regulating the interactions of LSD1 with other protein 

partners. It is important to note that Chen and colleagues in 2006 reported the 

importance of the prearrangement of LSD1 AOL and SWIRM domains to its 

function, and that while SWIRM can form a separate protein with its native 

conformation, the AOL and Tower domain give rise to insoluble protein.  

1.4 KDM1A Splicing variants 

 Of great importance to the function and structure of LSD1 is the presence 

of four splicing variants of the protein as described by Zibetti and colleagues 

(Zibetti et al., 2010). As mentioned before, LSD1 is composed of 852 amino acid 
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translated from a transcript of conserved 19 exons. However, in 2010, Zibetti and 

colleagues identified the presence of alternatively spliced exons, the first is 60 bp 

long termed exon 2a (E2a) encoding 20 amino acids and is located between the 

N-terminus unstructured region (~184 aa) and the SWIRM domain. The second is 

12 bp in length termed exon 8a (E8a), encodes 4 amino acids and is located after 

the tower domain (CoREST binding site), a protruding structure of the AOL domain 

as described in the previous sub-chapter. Therefore, the alternative arrangement 

of such spliced exons generates four alternatively spliced variants of LSD1: with 

LSD1, LSD1-E2a, LSD1-E8a and LSD1-E2a/8a. While LSD1 and LSD1-2a are 

ubiquitously expressed, LSD1-E8a and LSD1-E2a/8a isoforms are restricted to 

brain tissue (Zibetti et al., 2010).  

 The group of Shi and colleague have recently demonstrated that the LSD1-

E8a isoform can change substrate specificity from H3K3me2 to H3K9me2. They 

concluded that LSD1-E8a through interaction with SVIL can target and 

demethylate H3K9me1/2 and act as a transcriptional activator. In support to their 

findings, they show that knock down of LSD1-E8a and SVIL both cause 

H3K9me1/2 increase at the target promotors rather than H3K4me2 (Shi et al., 

2015) 
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CHAPTER 2. HYPOTHESIS AND AIMS 
 
Hypothesis 

The alternatively spliced exon Ex2a in the context of LSD1 splicing variant 

1 (SV1) and splicing variant 2 (SV2), confers divergent biological and 

biochemical properties to the N-terminal portion of LSD1. 

Aim 

• Generate LSD1 SV1 and LSD1 SV2 N-terminus domain constructs with 

and without the SWIRM domain containing a FLAG-tag at the N-terminus 

or C-terminus of the constructs; 

• Use of transient transfection in order to study the binding activity of the 

different generated constructs; 

• Perform proteomic analysis through Mass Spectrometry to identify 

potential alternative binding partners that might confer differing functions 

to LSD1 SV1 and LSD1 SV2; 

• Identify LSD1 N-terminus domain binding partners: protein bound to 

SWIRM domain or unstructured domain. 
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CHAPTER 3. MATERIALS AND METHODS 

3.1 Vector design  

I designed eight constructs encoding different regions of the LSD1 N-

terminus (Table 1), a scheme for the eight constructs was created (Figure.1). The 

PTP6-FLAG-N- and C-terminal LSD1 expression vectors were obtained by 

inserting a sequence encoding the FLAG tag fused to the 5’ or 3’ cDNA region of 

LSD1 using the ECORI restriction site of the PTP6 vector (Pratt T et al, 2000. Dev. 

Biol). 

Table.1 LSD1 N-terminal domain constructs  

Name of construct 
Insert 
Size 
(bp) 

Size (aa) Description 

1. N-Flag-LSD1-SV1-SWIRM 903 bp 

 
300 aa 

31.77 kDa  
 

N-terminal Flag tag, followed by the cDNA 5’ 
terminal region (from Exon1 to Exon5), encoding 
the unstructured region and the SWIRM domain of 
the N-terminal domain of LSD1 splicing variant 1 
(SV1). 

2. C-Flag-LSD1-SV1-SWIRM 903 bp 300 aa 
31.77 kDa 

C-terminal Flag tag, followed by the cDNA 5’ 
terminal region (from Exon1 to Exon5), encoding 
the unstructured region and the SWIRM domain of 
the N-terminal domain of LSD1 splicing variant 1 
(SV1). 

3. N-Flag-LSD1-SV2-SWIRM 843 bp 280 aa 
29.96 kDa 

N-terminal Flag tag followed by the cDNA 5’ 
terminal region (from Exon1 to Exon5), encoding 
the unstructured region and the SWIRM domain of 
the N-terminal domain of LSD1 splicing variant 2 
(SV2). 

4. C-Flag-LSD1-SV2-SWIRM 843 bp 280 aa 
29.96 kDa 

C-terminal Flag tag, followed by the cDNA 5’ 
terminal region (from Exon1 to Exon5), encoding 
the unstructured region and the SWIRM domain of 
the N-terminal domain of LSD1 splicing variant 2 
(SV2). 

5. N-Flag-LSD1-SV1-Ex2a 606 bp 190 aa 
20.29 kDa 

N-terminal Flag tag, followed by the cDNA 5’ 
terminal region (Exon1, Exon2 and Exon2a), 
encoding the unstructured region of the N-terminal 
domain of LSD1 splicing variant 1 (SV1). 

6. C-Flag-LSD1-SV1-Ex2a 606 bp 190 aa 
20.29 kDa 

C-terminal Flag tag, followed by the cDNA 5’ 
terminal region (Exon1, Exon2 and Exon2a), 
encoding the unstructured region of the N-terminal 
domain of LSD1 splicing variant 1 (SV1). 

7.N-Flag-LSD1-SV2-Ex2 546 bp 170 aa 
18.48 kDa 

N-terminal Flag tag, followed by the cDNA 5’ 
terminal region (Exon1 and Exon2), encoding the 
unstructured region of the N-terminal domain of 
LSD1 splicing variant 2 (SV2). 

8. C-Flag-LSD1-SV2-Ex2 546 bp 170 aa 
18.48 kDa 

C-terminal Flag tag, followed by the cDNA 5’ 
terminal region (Exon1 and Exon2), encoding the 
unstructured region of the N-terminal domain of 
LSD1 splicing variant 2 (SV2). 
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3.1.2 Primer design   

Set of primers were designed specifically to allow the digestion-ligation 

cloning method. The single strand oligonucleotide sequences designed to 

generate the different LSD1 N-terminal inserts (Table 2). The oligonucleotide 

sequence of the inserts includes the Flag tag, along with kozac sequence, start 

and stop codons and is flanked at 5’ and 3’ with EcoRI restriction sites. EcoRI 

enzyme sites have been used to linearize the PTP6 backbone and ligate the 

ECORI digested inserts into the purified PTP6 backbone.  

 

Unstructured SWIRM AO Tower AO
KDM1A     N 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 C

A.

B. N-Terminal Flag Construct C-Terminal Flag Construct C.

N-Flag-SV1-SWIRM
(31.77 kDa)

N-Flag-SV2-SWIRM
(29.96 kDa)

N-Flag-SV1-Ex2a
(20.29 kDa)

N-Flag-SV2-Ex2
(18.48 kDa)

C-Flag-SV1-SWIRM
(31.77 kDa)

C-Flag-SV2-SWIRM
(29.96 kDa)

C-Flag-SV1-Ex2a
(20.29 kDa)

C-Flag-SV2-Ex2
(18.48 kDa)

Unstructured SWIRM

N Flag 1 2 2a 3 4 5 C

Unstructured SWIRM

N 1 2 2a 3 4 5 Flag C

Unstructured SWIRM

N 1 2 3 4 5 Flag C

Unstructured SWIRM

N Flag 1 2 3 4 5 C

Unstructured

N 1 2 Flag C

Unstructured

N Flag 1 2 C

Unstructured

N Flag 1 2 2a C

Unstructured

N 1 2 2a Flag C

1 170

20 a.a. 4 a.a.

280 419 530 852

1 170 190 300 1 170 190 300

1 170 280 1 170 280

1 170 190 1 170 190

1 170 1 170

**Note: Flag=1.012 kDa

Figure 1. Scheme of N-terminal LSD1 constructs. (A) Full length LSD1 protein and domain organization: 
green is the N-terminal unstructured region, blue is the SWIRM domain, yellow is the amine oxidase domain 
(AO) and orange is the tower domain. The inclusion of splicing exons (Exon2a and Exon8) is indicated with 
dotted lines. (B) N-terminal Flag and (C) C-terminal Flag constructs fused to the N-terminal LSD1 region are 
shown. The Flag peptide is indicated in red.  



 20 

 

Table.2 Oligonucleotide sequences for the generation of LSD1 N-terminus constructs 
N-terminus Flag constructs 

N-Flag-LSD1-SV1-SWIRM 
Forward CCGGAATTCGCCGCCGCCATGGACTACAAG 
Reverse CGGAATTCCGCTAGGGTTTTATCCTCTTATAGATG 

N-Flag-LSD1-SV2-SWIRM 
Forward CCGGAATTCGCCGCCGCCATGGACTACAAG 
Reverse CGGAATTCCGCTAGGGTTTTATCCTCTTATAGATG 

N-Flag-LSD1-SV1-Ex2a 
Forward CCGGAATTCGCCGCCGCCATGGACTACAAG 
Reverse GCGGAATTCCTAACCTGATGCTTGGCCGTCTC 

N-Flag-LSD1-SV2-Ex2 Forward CCGGAATTCGCCGCCGCCATGGACTACAAG 
Reverse GCGGAATTCCTAACCCGATGGTTCTTCAGGCT 

C-terminus Flag constructs 

N-Flag-LSD1-SV1-SWIRM 
Forward GCCGAATTCGCCGCCACCATGTTATCTGGGAAGAAGG 

Reverse GGCGAATTCCTACTTGTCATCGTCGTCCTTGTAGTCGGG 
TTTTATCCTCTTATAGATG 

N-Flag-LSD1-SV2-SWIRM 
Forward GCCGAATTCGCCGCCACCATGTTATCTGGGAAGAAGG 

Reverse GGCGAATTCCTACTTGTCATCGTCGTCCTTGTAGTCGGGTT 
TTATCCTCTTATAGATG 

N-Flag-LSD1-SV1-Ex2a 
Forward GCCGAATTCGCCGCCACCATGTTATCTGGGAAGAAGG 

Reverse GGCGAATTCCTACTTGTCATCGTCGTCCTTGTAGTCCTGA 
TGCTTGGCCGTCTCCATAC 

N-Flag-LSD1-SV2-Ex2 
Forward GCCGAATTCGCCGCCACCATGTTATCTGGGAAGAAGG 

Reverse CCGCGAATTCCTACTTGTCATCGTCGTCCTTGTAGTCCGA 
TGGTTCTTCAGGCTCAC 

** Sequence color code: in green is EcoRI restriction site, black is the kozac consensus sequence, in red is shown the 
start codon, in orange the stop codon, in purple is the Flag tag and in blue is the sequence homology to the template. 

3.1.3 Vector and insert preparation 

EcoRI restriction enzyme (NEB #R3101S) was used to excise the full length 

LSD1 coding fragment from the PTP6-N-Flag-LSD1-SV1 and PTP6-N-Flag-LSD1-

SV2 expressing vectors already available in prof. Adamo’ s laboratory 

(Supplementary Figure.1). Following the EcoRI digestion performed for 15 min at 

37°C, both the linearized PTP6 backbone and the excided cDNA LSD1 sequence 

were purified using the QIAquick Gel Extraction Kit (Cat. #28704). The PTP6 

backbone was also dephosphorylated using the Alkaline Phosphatase Calf 

Intestinal (CIP) (NEB #M0290S), which dephosphorylates the 5’ and 3’ ends of the 

digested backbone to prevent plasmid recircularization during ligation. The 

dephosphorylated backbone was then purified by QIAquick PCR column 

purification kit (Cat. #28106) and the final amount of purified PTP6 backbone 
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quantified using the Nanodrop spectrophotometer (Thermo Scientific). The purified 

full length LSD1 fragment was used as a template to generate the different LSD1 

N-terminal (Figure1B-C) by PCR amplification using the synthetic sets of forward 

and reverse primers (Table 2). 

 The PCR amplification of 1-2 ng of LSD1 cDNA template was performed 

using the Phusion High Fidelity DNA polymerase (NEB #M0530). Amplification 

was performed for 26 cycles to minimize the possibility of generating mutations 

during the process of PCR amplification. Annealing temperature was set after a 

period of optimization and gradient and the below PCR programs were used on 

the thermal cycler: 

 LSD1 N-terminus constructs 
fused with N-terminus FLAG  LSD1 N-terminus constructs fused 

with C-terminus Flag 
Initial 
Denaturation 98 °C 30 s 1 cycle Initial 

Denaturation 98 °C 30 s 1 cycle 

Denaturation 98 °C 30 s 

26 cycles 

Denaturation 98 °C 30 s 

26 cycles Annealing 
63 °C  
(1 & 3) 20 s 

Annealing 

49 °C  
(2 & 4) 20 s 

58 °C 
(5 & 7) 20s 54 °C 

(6 & 8) 20s 

Elongation 72 °C 45 s Elongation 72 °C 45 s 
Final 
Elongation 72 °C 4 min 1 cycle Final 

Elongation 72 °C 4 min 1 cycle 

Storage 4 °C forever - Storage 4 °C forever - 
 

 PCR amplicons were loaded on 1.3 % agarose gel, the specific band 

excided from gel and purified using the QIAquick Gel Extraction Kit (Cat. #28704) 

to remove eventual non-specific amplicons. The amount of each insert was 

quantified using the Nanodrop spectrophotometer (Thermo Scientific). The purified 

inserts were digested using EcoRI restriction enzyme (NEB #R3101S) for 15 min 

at 37°, to create the 3’ and 5’ overhangs and column purified using the QIAquick 

PCR purification kit (Qiagen, Cat. #28106) and quantified using the Nanodrop 

spectrophotometer. 
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3.1.4 Ligation   

 
The digested inserts were ligated into the dephosphorylated backbone by 

using the T4 DNA Ligase (NEB #M0202S). A 20 µl reaction was prepared with a 

ratio of 1:3 (backbone: insert). The ligation reaction was carried either for 10 min 

at room temperature (RT) or overnight at 16°C. A ligation reaction of the 

dephosphorylated backbone alone was performed as a negative control.  A 

scheme of the experimental cloning procedure was made (Figure.2).  
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Figure 2. Schematic representation of LSD1 N-terminus cloning constructs. (A) EcoRI digestion of PTP6-
LSD1(SV1/SV2) full length plasmids to excide the full length LSD1 cDNA sequence and use it as a template 
for FLAG-LSD1-N/C-terminus construct generation (sub-chapter 3.1.3). (B) Primers used for PCR amplification 
and creation of N/C-terminus Flag LSD1 N- terminus constructs (sub-chapter 3.1.3). (C) EcoRI digestion of the 
generated LSD1 fragments. (D) T4 Ligation of LSD1 N-terminal fragments into the PTP6 backbone (sub-
chapter 3.1.4).  
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3.2 Transformation and colony screening  

 The ligated vectors obtained in chapter 3.1 were transformed into One 

ShotTM TOP10 Chemically Competent E.coli bacterial cells (Invitrogen; 

Cat.#C4040-10). Bacteria were plated in Ampicillin agar plate, and incubated 

overnight at 37°C. The TOP10 E.coli transformation efficiency was calculated with 

the following formula: #	,-	.,/,0123
04	,-	567

× 9:;	04
<4

× </	=,=>/	?,/<@2
</	A/>=2B

× 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟. The 

average of the transformation efficiency of the generated LSD1 N-terminus 

constructs was 4.2 × 102 s cfu/ug.  

 Bacterial colonies were screened through colony PCR, amplification using 

the AmpliTaq Gold PCR master mix (Thermo Fisher Scientific; Cat. #4398881) and 

the following forward primer: 5’ GCCTCTGCTAACCATGTTC 3’ targeting the 

backbone sequence and the following reverse primer:  5’’ 

CTCTGCTATTCCAGTTTCATG 3’ recognizing the insert using the below PCR 

program on the thermal cycler:  

Initial 
Denaturation 95°C 5 min 1 cycle 

Denaturation 95 °C 30 s 

26 cycles Annealing 

63 °C  
(1 & 3) 20 s 

58 °C 
(5 & 7) 20s 

Elongation 72 °C 45 s 

Final Elongation 72 °C 7 min 1 cycle 

Storage 4 °C forever - 

 

The PCR products were then loaded on 1.3 % agarose gel and the positive 

colonies were picked and grown overnight in 2 ml LB medium containing Ampicillin 

(100 ng/µl) on an orbital shaker at 37°C.  
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3.3 Mini- and Maxi- bacterial plasmid extraction  

 Plasmid DNAs were purified from bacterial cultures using the QIAGEN 

Plasmid mini kit (Qiagen, Cat. #12123) and quantified using the Nanodrop 

spectrophotometer. To verify the presence of positive clones, purified plasmids 

(150 ng) were digested using EcoRI restriction enzyme (NEB #R3101S) for 15 min 

at 37°C. The digested and undigested (150 ng) plasmids were run on a 0.8% 

agarose gel to test the expected insert and backbone sizes (Figures 1 and 2D).  

Positive colonies were grown into 2 ml of LB medium containing ampicillin 

(100 ng/µl) over day (~8 hrs), on an orbital shaker at 37°C. Pre-inoculum cultures 

were added to 200 ml (1:100) LB medium containing ampicillin (100 ng/µl) and 

grown overnight on an orbital shaker at 37°C. Plasmid was purified using the 

QIAGEN Plasmid PlusMaxi Kit (Qiagen,Cat. #12963) and DNA quantified using 

the Nanodrop. Supplementary Figure 2 and Figure 8 show vector maps and EcoRI 

digestions of the plasmids obtained from bacterial Maxi-preparation for all 

generated constructs. Glycerol stocks were prepared for each generated vector 

using 750µl of bacterial culture and 750µl of 40% Glycerol in LB media and store 

at -80°C. 

3.4 Construct validation through Sanger Sequencing 

Once positive plasmids were screened through restriction enzyme digestion, I 

performed further validation using Sanger Sequencing. I selected the following 

sets of forward and reverse primers: 5’TATCTGGGAAGAAGGCGGCAGC3’,  5’ 

CTCTGCTATTCCAGTTTCATG3’, and 5’ GCCTCTGCTAACCATGTTC 3’ that 

cover the entire region of cloning, including the 1) prior to the site of insertion, 2) 
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after stop site insertion and 3) covering the entire insert sequence obtained by 

PCR amplification. 

  After the final validation with Sanger sequencing that the insertion sites and 

the open reading frame were maintained, and that there were no mutations within 

the insert, a glycerol stock and a Maxi preparation were prepared (Chapter 3.3) for 

each construct for long-term storage and further transfection.  

3.5 Transfection into human embryonic stem cells (hESCs) 

H1 (WA01) hESCs at 90% confluency were plated 24 hours before 

transfection at a dilution of 1:6 in Essential 8TM Basal Medium (Thermo Scientific, 

Cat. #A1517001) containing RevitaCellTM Supplement (Thermo Scientific, 100X, 

Cat. #2644501) on Vitronectin (Thermo Scientific, VTN-N; A2790) pre-coated 6 

well plates or 60mm and 10 cm diameter dishes. On the day of transfection, media 

was changed to Essential 8TM Basal Medium 8-9 hours before transfection. 

Generated plasmids (Table 1, Figure1-2) are transfected using LipofectamineTM 

3000 Reagent (Thermo Scientific, Cat. #L3000001). For cell extract preparation 

and SDS-page analysis 6-well plates, 2.5 µg of DNA, 2 µl of p3000 Reagent 

(Thermo Scientific, Cat. #L3000001) and 5 µl of LipofectamineTM 3000 were diluted 

separately in 250 µl of OptimemTM (Thermo Scientific, Cat. #).  For 

immunoprecipitation experiments 60 mm diameter plates, 3.5 µg of DNA, 4 µl of 

p3000 Reagent and 10 µl of LipofectamineTM 3000 were diluted separately in 350 

µl of OptimemTM. In the case of 10 cm diameter plates 6 µg of DNA, 10 µl of p3000 

Reagent and 20 µl of LipofectamineTM 3000 were diluted separately in 750 µl of 

OptimemTM. 
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DNA solutions were mixed to LipofectamineTM 3000 solutions and incubated 

15 min. at RT before being added drop by drop into each well containing fresh 

Essential 8TM Basal Medium. Transfection with △PTP6-GFP and PTP6-N-Flag-

LSD1-SV1 full length plasmid (previous generated in Prof. Adamo’s laboratory) 

were used as positive control of transfection. Untransfected cells were used as a 

negative control, while for toxicity control cells were transfected with 

LipofectamineTM 3000 Reagent alone. The media was replaced with fresh 

Essential 8TM Basal Medium alone twenty-four hours post transfection. Cells were 

processed after 36 hours for biochemical analysis.  

3.6 Biochemical analysis 

3.6.1 Preparation of lysates 

Cells grown in 6 well plates, 60 mm or 100 mm dishes were transferred on 

ice, washed twice with ice-cold TBS (20 mM Tris-HCl, pH 7.5, 150 mM NaCl) and 

solubilized with 150-500 µl of PierceTM RIPA Buffer (Thermo Sceintific, Cat. 

#89900) and 1X Protease Inhibitor Cocktail (50X, Promega, Cat. #G6521) Lysates 

were transferred to tubes and rotated for 10 min at 4°C The insoluble material was 

removed by centrifugation at 15, 000 RPM at 4°C for 12 min and soluble protein 

fraction (supernatant) was transferred in new ice-cold tubes. Protein determination 

was performed Bradford protein assay reagent from Bio-Rad (Cat. #500-0006).  

3.6.2 Immunoprecipitation  

  For immunoprecipitation (IP) experiments, cells grown in 60 or 100mm 

dishes were transferred on ice and washed twice with 10 ml of ice-cold PBS. Cells 
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were detached and collected in 5 ml of ice-cold PBS using a scraper and 

centrifuged at 4000g for 5 min at 4°C. The pellet was resuspended in five volumes 

of Lysis Buffer containing 1X Protease Inhibitor Cocktail (Supplementary Table 1) 

and rotated at 4°C for 15 min. 5 % of volume was taken as control as input. Cell 

lysates were diluted to 1 ml with Lysis Buffer, transferred into millitubes and 

sonicated using the Covaris E220 Focused-ultrasonicator with the following 

program: 

  Peak power Duty Factor         Cycles      Duration 

140   5   100   25’’ 

After lysate sonication, the insoluble fraction was removed by centrifugation at 

20000g at 4°C for 12 min, the supernatant collected into new ice-cold tubes and 

protein quantified as mentioned in chapter 3.6.1.  After protein determination, 800-

1000 µg of lysates were used for the immunoprecipitation (IP fraction) and 

incubated with 20 µl of ANTI-FLAG M2 affinity gel (Sigma, Cat. #2220) overnight 

at 4°C with gentle rotation, while 25 ug for each sample (Input faction) was 

prepared for SDS PAGE and Western Blot analysis (Chapter 3.6.3).  

Immunoprecipitants were centrifuged at 2000g for 2 min at 4°C. The 

supernatant (Unbound fraction) was collected, quantified and 25 µg of unbound 

were prepared for SDS PAGE and Western Blot analysis (Chapter 3.6.3). 

Immunoprecipitants were washed three times with 0.5 ml of Wash buffer 

(Supplementary Table1) by rotating for 2 min followed by centrifugation at 2000g 

for 2 min at 4°C.  
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3.6.3 Elution of the FLAG-fusion protein  

Protein elution was performed by incubating each sample and control resin 

with 150 ug/ml of 3XFlagÒ Peptide (Sigma, Cat. #F3290) eluted in Elution Buffer 

(0.5M Tris-HCl, pH7.5, 1M NaCl) with gentle shaking for 1 hour and 45 min at 4°C. 

After incubation samples were centrifuged for 2 min at 2000g at 4°C, and 

the supernatant transferred to ice-cold tubes using a Hamilton syringe, being 

careful not to transfer any resin.  After the first elution, again, another incubation 

with 150 ug/ml of 3XFlagÒ peptide was performed with gentle shaking for 1 hour 

and 45 min at 4°C in order to collect a second elution.  Two aliquots (1/3) of the 

FLAG-M2 affinity gel were collected before starting the FLAG protein elution and 

after the collection of the second elution as controls of the elution process. 

Solutions used for IP experiments were prepared (Supplementary Table1).   

3.6.4 SDS-PAGE and western blot analysis 

After protein determination, 50 µg of each sample was denatured for 4 min 

at 96°C in 1:1 loading buffer (2X BoltTM SDS Sample buffer (Thermo Scientific, 

Cat. # B0007), 1X BoltTM Sample Reducing agent (Thermo Scientific, Cat. #0009). 

Denatured immunoprecipitates, lysates and unbound fractions were subjected to 

sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) 

(Laemmli, 1970). Proteins from 4-12% gradient or 8% BoltTM Bis-Tris pre-cast 

polyacrylamide gels (Thermo Scientific, Cat. #NW00080BOX and 

#NW04120BOX) immersed in BoltTM MES SDS Running Buffer (Thermo Scientific, 

Cat. #B0002) were transferred by electrophoresis to 0.45 μm Nitrocellulose 
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Blotting Membrane membranes (Amersham, Cat. #10600002) using the Pierce 

Western Blot Transfer Buffer (Thermo Scientific, Cat. #35040).   Nitrocellulose 

membranes were stained with 0.2% Ponceau in 3% TCA to visualize molecular 

weight (MW) standards (Novex SHARP Pre-Stained Protein Standard, Thermo 

Scientific, Cat. #LC5800) and proteins. Filters were blocked for 1 hour at RT with 

5% non-fat dry milk in TBS-T solution (50 mM Tris-HCl, pH 7.5,150 mM NaCl, 

0.5%Tween) and then incubated for 1 hour at RT in the same buffer containing the 

mouse monoclonal ANTI-FLAG horseradish peroxydase (HRP)-conjugated 

primary antibody (Sigma, Cat. #A8592) diluted 1:2000 in TBS-T. For the detection 

of primary antibodies, blots were revealed by ECL system (PierceTM ECL Western 

Blotting Substrate, Thermo Scientific, Cat. #42106). Images were captured using 

the iBrightCL1000 instrument (Thermo Scientific). 

3.6.5 Coomassie Staining 

Pre-cast polyacrylamide gels were stained for 30 min at RT with Brilliant 

Blue R staining solution (BioRad, Cat. #B6529). Gels were incubated in 

Coomassie Brilliant Blue R-250 distaining solution (BioRad, Cat. # 161-0438),  until 

the gel background became clear  

3.6.6 Silver Staining  

Gels completely destained from the Brilliant Blue R staining solution were 

processed using the ProteoSilverTM Silver Staining kit (Sigma, Cat. #PROT-SIL1). 

Fixing, 30 % Ethanol, Sensitizer, Silver and developer solution were prepared 

according to instruction.  
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3.7 Mass Spectrometry Sample Preparation   

FLAG eluted samples were quantified using the QubitTM 3 Fluorometer 

Protein BR Assay (Thermo Scientific, Cat. #Q33211), 5-10 ng of samples 

were denatured in 1:1 Loading buffer and loaded on BoltTM 4-12% gradient or 

8% (pre-cast polyacrylamide gels (Chapter 3.6.1). The gel was stopped after 5 

min run at 100 mV in BoltTM MES SDS Running Buffer and the bands containing 

the samples were excised from the gel for further Mass Spectrometry (MS) 

analysis.  

Solutions used for the MS procedure were prepared (Supplementary 

Table 2). Samples were destained using 50 mM NH4HCO3/50% ACN (v/v) then 

dehydrated using 100% ACN. reduced by 10 mM DTT in 100 mM NH4HCO3 

to break the disulfide bonds between cysteine residues, and thus the 3D 

protein structure. The subsequent alkylation step was performed using the 

IOA alkylating agent that adds alkyl groups to free thiol radicals and hence 

prevents the re-formation of the broken disulfide bonds, and was followed by 

a series of washing/dehydration/hydration steps. Samples were then 

subjected to re-swelling and overnight (12-16 hours) in gel Trypsin digestion 

steps. Trypsin digested proteins were isolated through supernatant collection 

by extraction buffers 5% acetic acid, 50% ACN and 0.1% TFA in 75% CAN. 

Samples were dried, resuspended in the appropriate amount of 10 µl and 

load on the Q ExactiveTM Mass Spectrometer instrument.  
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3.8 Mass Spectrometry Analysis  

Mascot database software was used for the analysis of the MS results and identify 

proteins from the trypsin digested peptide sequences. Mascot allows for the 

peptide mass fingerprint search from molecular ion peaks, sequence query and 

MS/MS ion search. The significant threshold was set at < 0.05 and the ion score 

or expected cut-off was set at 20, the search was done through the uniport 

database, showing the percentage coverage and the peptide sequence.  
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CHAPTER 4. RESULTS 

4.1 LSD1 N-terminus mammalian overexpressing vector generation 

In order to understand the function of LSD1 N-terminus region, in LSD1 SV1 

and LSD1 SV2, eight different constructs coding for the N-terminal portion of LSD1 

SV1 and SV2 fused with a C- or N-terminus FLAG tag were generated (Table.1). 

The cloning process chosen to produce the eight vectors was based on PCR 

amplification followed by digestion and ligation. Pre-existing PTP6 plasmids 

carrying the full length LSD1 SV1 and SV2 coding DNA sequence (CDS) fused to 

an N-terminal FLAG were used to excise the template DNA to be used for the PCR 

amplification of the novel inserts (Figure. 3(A)). 

The generated eight LSD1 N-terminus constructs are composed of: LSD1 

N terminus unstructured region (a.a.1-170) (including and excluding exon 2a; 20 

a.a.) and the SWIRM domain (a.a.1-280) (including and excluding exon 2a; 20 

a.a.) fused with either a C-terminus or an N-terminus FLAG. The obtained plasmids 

were further validated through sanger sequencing analysis excluding the presence 

of point mutations that could have been introduced during PCR amplification of the 

insert. Importantly, both the ORF of the fused FLAG-LSD1 and the site of insertion 

were confirmed (Figure.3(B)). 
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Figure 3. Construct preparation and Maxi validation. 1.3% Agarose gel. 
(A) Shows EcoR1 digestion of PTP6-N-FLAG-SV1(SV2)-Full length plasmids to use excised LSD1 fragments 
as template. (B) LSD1 N-terminus constructs with N-terminus or C-terminus fused Flag undigested or EcoR1 
digested. PTP6-N(C)-LSD1-SV1-SWIRM EcoR1 digestion generated a fragment that is 922 bp, PTP6-N(C)-
LSD1-SV2-SWIRM EcoR1 digestion generated a fragment that is 858 bp bp. PTP6- N(C)-LSD1-SV1-Ex2a 
EcoR1 digestion generated a fragment that is 624. PTP6-N(C)-LSD1-SV2-Ex2 EcoR1 digestion generated 
a fragment that is 574 bp. PTP6 backbone with no insert is 6.4 kB.  
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4.2 Transient Transfection and Western Blot validation of LSD1 SV1 and 
SV2 N-term constructs 

In order to assess the capability of the generated vectors to express the 

proteins of interest we then decided to perform a transient transfection experiment 

followed by western blot analysis. H1 hESCs were chosen as recipient cells since 

LSD1 is a major regulator of pluripotency and is important for the balance of 

bivalent domains on lineage determining genes (Adamo et al., 2011). Notably, the 

generation of the construct overexpressing N-FLAG-SV2-Ex2 has been repeatedly 

attempted with scarce results and was therefore excluded from subsequent 

analysis. The expression of seven generated LSD1 N-terminus construct in H1 

hESCs was verified (Figure.4(A)). Notably, a peculiar shift of about 10 KDa was 

observed in the molecular weight of the generated proteins. 

Due to the small size of the protein one possibility could have been that the 

4-12% gradient gel does not allow for correct migration of protein, thus, 8% 

percentage pre-cast polyacrylamide gel was used instead, however, the results 

were the same. In order to exclude other technical problems, the membrane was 

blotted for detection of GAPDH (35.8 kDa) as it has a small molecular weight and 

hence its run on the gel can be compared to the generated N-terminus constructs. 

GAPDH was shown to have the correct molecular size.  

Intriguingly, since it has already been reported that LSD1 N-terminus has 

multiple sites of threonine (position 59 and 104), serine (position 126,131,137 and 

166), and tyrosine (position 135) that could be actively phosphorylated (Dephoure 

et al., 2008) a possible explanation could be that the protein is post-translationally 
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modified (phosphorylated, ubiquitinated, acetylated, oxidized etc.) and thus 

resulting in a mobility shift. In order to verify this hypothesis, we repeated the 

transient transfection experiment and performed mass spectrometry analysis on 

the overexpressed proteins by exciding the corresponding bands from a silver 

stained SDS-PAGE gel loaded with the corresponding protein extracts. The results 

of this experiment are explained in detail in the next sub chapter. 

4.3 Analysis of the Posttranslational modifications on the LSD1 N-term  

 Among the possible posttranslational modifications analyzed by Mass 

Spectrometry we identified two major modifications: 1) oxidation was identified to 

be occurring in the trypsin digested peptide found in the common exon 2 region; 

2) abundant phosphorylation in a stretch of 32 amino acids corresponding to LSD1 

a.a.151-183 and containing three serine residues that might be phosphorylated; 

with exception of N-FLAG-SV2-Ex2 that has two serine residues within the region 

instead of three. Ongoing studies in the lab aim at further characterize these 

modifications as they might affect the capability of the overexpressed proteins to 

bind to the physiological protein partners. 

4.4 Identification of LSD1 SV1 and SV2 N-terminus binding partners 

In order to understand the biological role of LSD1 SV1 and SV2 N-terminus 

domains we decided to investigate the protein binding partners of this highly 

unstructured portion of LSD1. We initially focused on four constructs: containing 

the FLAG tag at the N-terminus (N-FLAG-SV1-SWIRM, N-FLAG-SV2-SWIRM, N-

FLAG-SV1-Ex2a), with the exception of C-terminus fused tag (C-FLAG-SV2-Ex2) 



 37 

and performed a large transfection experiment in H1 hESCs followed by an 

immunoprecipitation (IP) experiment using the ANTI-FLAG M2 affinity gel. The 

same IP experiment has been also performed on untransfected H1 hESCs used 

as negative control for aspecific binding. After purifying the FLAG-LSD1 associated 

partners we eluted sequential fraction of eluates and verified the presence of the 

immunoprecipitated proteins and their binding partners by SDS PAGE and silver 

stain staining (Figure.4(B)). The different LSD1 binding partners can be 

appreciated but not compared qualitatively.  

The first eluates of the four immunoprecipitated complexes were then 

subjected to mass spectrometry analysis and the proteins identified using the 

Mascot search engine, a peptide sequence database that assigns a score based 

on probability of random peptide identification that can be used to indirectly assess 

the efficiency of the IP. Based on results previously generated in Adamo’s 

laboratory, the IPs obtained from N-FLAG-LSD1-SV1and SV2 full length 

expressing constructs were used for comparison of the identified binding partners.  

Importantly, for all constructs we obtained significant Mascot score (Table.3).  

 

 

 

 

 



 38 

50 kDa -

40 kDa -

30 kDa -
No

ve
x

Sh
ar

p 
Pr

ot
ei

n 
St

an
da

rd

U
n-

tr
an

sf
ec

te
d 

N
-F

LA
G

-S
V1

-S
W

IR
M

N-
FL

A
G

-S
V2

-S
W

IR
M

N-
FL

A
G

-S
V1

-E
X2

A

C-
FL

A
G

-S
V1

-E
X2

a

C-
FL

A
G

-S
V2

-
EX

2

C
-F

LA
G

-S
V2

-S
W

IR
M

C-
FL

A
G

-S
V1

-
EX

2A

N
O

VE
X 

Sh
ar

p 
Pr

ot
ei

n 
St

an
da

rd

U
n-

tr
an

sf
ec

te
d 

N-
FL

A
G

-S
V1

-
SW

IR
M

N-
FL

A
G

-S
V2

-
SW

IR
M

N-
FL

A
G

-S
V1

-E
X2

A

C-
FL

A
G

-S
V2

-E
X2

U
n-

tr
an

sf
ec

te
d 

N-
FL

A
G

-S
V1

-
SW

IR
M

N-
FL

A
G

-S
V2

-
SW

IR
M

N
-F

LA
G

-S
V1

-E
X2

A

C-
FL

A
G

-S
V2

-E
X2

First Elution Second Elution

50 kDa -

40 kDa -

30 kDa -

20 kDa -

15 kDa -

10 kDa -

3.5 kDa -

60 kDa -

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

Figure 4. LSD1 N-terminus constructs with C- or N-terminus Flag. (A) 4-12% BOLT pre-cast 
polyacrylamide gel was used for SDS PAGE run and western blot validation of the transfected s 
constructs. The seven constructs show a shift of around 10 kDa. (B) Silver staining of 4-12% 
BOLT pre-cast SDS PAGE run of 10% of the first and second elution of the immunoprecipitation 
of four constructs. Showing the enrichment of the constructs, the 10 kDa shift in size and the 
presence of other binding partners. 
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Table.3 Mass Spectrometry results for LSD1 N-Terminus constructs 

Protein IP Score 
(Mascot-Full) 

Protein 
coverage 

(Mascot-Full) 

Protein 
Coverage 

(Emboss Needle) 
Trypsin 

coverage  

N-Flag-SV1-SWIRM 502 10.8 % 31% 87.3% 

N-Flag-SV2-SWIRM (1nd IP) 1040 17.9% 54.6% 86.4% 

N-Flag-SV2-SWIRM (2nd IP) 228 9.7 % 29.6% 86.4% 

N-Flag-SV1-Ex2a 498 10.8% 46.3% 84.1% 

C-Flag- SV2-Ex2 1163 10.8% 51.7% 84.4% 

N-FLAG-LSD1-SV1 full length 5337 60.4% - 91.3% 

N-FLAG-LSD1-SV2 full length 6267 73.6% - 91.3% 

The table shows the Mass spectrometry of the IP of the generated LSD1 SV1 and LSD1 SV2 N-terminus 

proteins with N-terminal or C-terminal Flag. The higher the score the better the reading. The percentage 

coverage from Emboss Needle pairwise alignment tool allows for quantification of alignment of peptides 

detected to sequence of protein, the closer the coverage is to Trypsin coverage the better. 

4.5 Protein Interactors associated to the SWIRM domain 

 In order to exclude aspecific bound partners, we first compared the proteins 

identified in each IP with the non-transfected IP sample and removed those 

present in both. Then, we verified whether some of the known LSD1 partners 

previously shown to interact with LSD1-tower and amino-oxidase domains such as 

RCOR1, RCOR2, RCOR3, HDAC1 and HDAC2 (Ballas et al., 2001; Foster et al., 

2010) were immunoprecipitated by the N-terminus of LSD1 SV1 and SV2. Notably, 

none of these proteins were found in the IP of the LSD1 N-terminus constructs. 

Other known binding partners were also compared to the proteins identified in IP 

of the LSD N-terminus constructs (Table.4). 

We then compared the proteins found in the IPs performed on N-FLAG-

SV1-SWIRM and N-FLAG-SV2-SWIRM overexpressing cells aiming to identify 
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mutually exclusive binding partners as a result of the inclusion of exon 2a. 29 

proteins were originally identified but were filtered out as they were not comparable 

to the proteins found in the full-length protein nor were they comparable to proteins 

previously identified as LSD1 binding proteins. An interesting hit however is 

represented by the Alstrom syndrome protein 1 (ALM1), which was identified with 

a low Mascot score of 33 in the IP from LSD1 N-FLAG-SV1-SWIRM but nowhere 

else.   

We then compared the proteins found in the cells transfected with the 

constructs expressing the shortest LSD1 truncated proteins, namely N-FLAG-SV1 

and N-FLAG-SV2 overexpressing cells. While these short constructs retain the 

ability to be translocated to the nucleus due to a nuclear localization signal (NLS) 

located in the N-terminus of the protein, no proteins were found to be significantly 

bound to the unstructured region of both LSD1 N-FLAG-SV1-Ex2a and C-FLAG-

SV2-Ex2. 

Further analysis of the proteins identified in the IPs performed on the N-FLAG-

SV1-SWIRM and N-FLAG-SV2-SWIRM overexpressing cells revealed two 

previously unknown protein interactors exclusively bound to the SWIRM domain 

of both variants. Coherently, the same two hits have been also found in the IPs 

obtained from N-FLAG-LSD1-SV1 and N-FLAG-LSD1-SV2 full length 

overexpressing cells. The two identified proteins are: insulin like growth factor 2 

mRNA binding protein 3 (IGF2B3) and Non-POU domain-containing octamer-

binding protein (NONO) (Table.4). 
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Table.4 LSD1 binding partners through mass spectrometry analysis 

  
Maskot Score 

  
Domain AO and Tower SWIRM Unstructured 

Name Accession 
No. 

LSD1 
SV1 Full 
Length 

LSD1 
SV2 Full 
Length  

N-FLAG-
SV1-

SWIRM 

N-FLAG- 
SV2-

SWIRM 

N-
FLAG- 
SV1-
Ex2a 

C-
FLAG- 

SV2-Ex2 
Reference 

LSD1; O60341 5337 6267 502 1040 498 1163 _ 

AKAP9 
Q99996 23 _ _ _ _ _ Weimann et 

al., (2013) 

CHD3; 
Q12873 _ 39 _ _ _ _ Wang et al., 

2009 

CTBP1 
Q13363 340 411 _ _ _ _ Shi et al., 

2006 

GSE1; 
Q14687 2656 2999 _ _ _ _ Hakimi et al., 

2004 

GTF2I 
P78347-4 935 1212 _ _ _ _ Hakimi et al., 

2003 

GTF2I 
P78347-4 935 (4) 1212 _ 44 _ _ Adamo et al, 

2015 

HDAC1 Q13547 998 1182 _ _ _ _ Sheikhattar 
et al., 2006 

HDAC2 
Q92769 1938 2332 _ _ _ _ Sheikhattar 

et al., 2005 

HDAC6 Q9UBN7 _ 19 _ _ _ _ Novel 

HM20B 
Q9P0W2 183 196 _ _ _ _ Hakimi et al., 

2004 

IGF2B O00425 1329 1303 139 61 _ _ Novel 

NONO; Q15233 189 56 57 86 _ _ Novel 

NPM1; P06748 880 1035 462 78 _ _ Novel 

PSIP1 O75475 41 67 22 _ _ _ Novel 

RCOR1 
Q9UKL0 1784 1985 _ _ _ _ Shi et al., 

2005 

RCOR2 
Q8IZ40 2236 1579 _ _ _ _ Shi et al., 

2006 

RCOR3 
Q9P2K3-2 535 672 _ _ _ _ Shi et al., 

2007 

SF3B2 
Q13435 152 132 _ 48 (3) _ _ Weimann et 

al., (2013) 

SMARC 
Q92922 _ 24 _ _ _ _ Havugimana 

PC (2012) 

STX8; K7EQB1 45 _ _ _ _ _ Novel 

SVIL; 
O95425-4 2023 1748 _ _ _ _ Shi et al., 

2015 

TAB1; Q15750 161 119 _ 36 _ _ Novel 

TRAF4 
Q9BUZ4 51 _ _ _ _ _ Weimann et 

al., (2013) 

ZMYM2 
Q9UBW7 4012 4566 _ _ _ _ Shi et al., 

2007 

ZMYM3 
A6NHB5 164 262 _ _ _ _ Shi et al., 

2008 

ZNF21 
O75362 2923 2935 _ _ _ _ Shi et al., 

2005 

ZNF51 
Q92618 1067 1282 _ _ _ _ Shi et al., 

2005 
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CHAPTER 5. DISCUSSION AND FUTURE AIMS 
 Due to its intrinsically disordered structure the biochemical and biological 

function of the LSD1 N-terminal portion has not yet been fully understood and its 

characterization has been elusive. Moreover, the alternative inclusion of exon 2a 

and its effect on LSD1 function has never been investigated so far, while the 

biochemical and biological impact of the Ex8a inclusion in the neuronal-restricted 

isoforms has been largely investigated (Zibetti et al., 2010 and Shi et al., 2015). 

 My project aimed at shedding light on the role played by the LSD1 N-

terminus structure and determine its function. To this end I generated LSD1 

constructs fused to a FLAG peptide expressing the unstructured region of LSD1 

N-terminus (including and excluding the exon 2a) and the unstructured region plus 

the SWIRM domain (including and excluding the exon 2a). The fusion to a flag 

peptide has been used to facilitate immunoprecipitation experiments and 

overcome the lack of commercially available antibodies raised against the N-

terminal portion of LSD1. Then to examine the proteins bound to these different 

constructs compared to full length LSD1 SV1 and LSD1 SV2. Due to the close 

proximity of exon 2a to the SWIRM domain I hypothesized possible diverging 

functions of LSD1 SV1 and SV2 SWIRM domains potentially based on alternative 

binding to protein partners. My results indicate that there is no difference in the 

binding activity of the LSD1 N-terminus between LSD1 SV1 and LSD SV2. 

However, the observed molecular weight shift observed in the overexpressed 

proteins and the identification of substantial oxidation of these proteins could 

indicate an impaired binding potential of the overexpressed proteins due to the 
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accumulation of charges that could mask or disrupt physiological protein-protein 

interactions. Protein oxidation occurs either through technical handling and 

reactive oxygen species or through oxidative stress caused by the cell during 

transfection. Protein phosphorylation might also affect the function of the protein.  

Interestingly, we have identified two protein that could be potential binding 

partners of the SWIRM domain, namely IGF2B3 and NONO. IGF2B3 has a Maskot 

score of: 139 in N-FLAG-SV1-SWIRM, 61 in N-FLAG-SV2-SWIRM. NONO has a 

Maskot score of: 57 in N-FLAG-SV1-SWIRM, 86 in N-FLAG-SV2-SWIRM. IGF2B3 

binds to mRNA of insulin like growth factor 2 and controls its shuttling and 

recruitment to translation machinery (Watchter et al., 2013). Insulin like growth 

factor 2 is an androgen receptor target, and since LSD1 can bind with AR and 

affect target gene expression (Cleys, et al., 2015) then it can come into contact 

with IGF2B through its SWIRM domain. This is important as it has the potential of 

identifying KDM1A SWIRM domain to regulate level of expression of androgen 

receptor target genes not only through its demethylase activity but also through 

binding to proteins that bind to target gene transcripts. It should be noted however 

that AR is not expressed in hES cells and different cell types such as prostate 

cancer cells should be used to validate this hypothesis. 

Non POU domain containing octamer binding protein NONO, is found in 

complex with splicing factor p.54 (Bladen et al., 2005). Thus, it is involved in pre-

mRNA processing (Kaneko et al., 2007). It is involved in nuclear paraspeckles 

formation (Nakagawa et al., 2012) and acts as a transcription cofactor for circadian 

clock regulation (Brown et al, 2005; Duong et al., 2011; Kowalska et al., 2013). 
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Mutations in NONO has also been implicated in intellectual disability syndrome 

and dysregulation of synaptic inhibition (Colleaux et al., 2015). NONO is found to 

be bound to androgen receptors as well (Ishitani et al., 2003). This is interesting 

as KDM1A when bound to AR changes its substrate specificity from demethylating 

H3K4me2 to H3K9me2 and thus activate AR target genes (Schule et al., 2005). 

Therefore, it would be interesting to investigate whether the interaction between 

KDM1A and NONO through the SWIRM domain could be at the basis of androgen 

receptor target gene expression regulation.  

As mentioned, further validation of the interaction between IGF2B3 and 

NONO will be performed through FLAG-IP co-immunoprecipitation and western 

blot validation of such interactions using antibodies against IGF2B3 and NONO. 

Immunostaining for the protein expression and subcellular localization of the 

LSD1-N-terminus constructs and the two identified binding proteins will also be 

assessed. In parallel, we will proceed to knockdown the identified proteins in target 

cells and we’ll examine the activity of KDM1A and AR target genes.  

Optimization should also be made on the mass spectrometry protocol to 

increase the number of peptides detected. In the experiments above around 50 ul 

of 12.5 ng/ul of Trypsin was used to cover the gel peace’s. However, following an 

overnight incubation at 37°C, there was precipitation on the cap and the gel 

peace’s were not covered as efficiently, thus, the molecular ion peaks detected 

was not abundantly high and the percentage coverage of peptide detected was not 

high (Table.3) compared to the trypsin coverage.  
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In conclusion, through the use of LSD1 N-terminus constructs I was able to 

identify two novel potential SWIRM binding partners: NONO and IGF2B3. Further 

validation of the minimal region of binding as well as the optimization of the MS 

analysis will be object of further studies.  
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SUPPLEMENTARY FIGURES 
 
  
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure.1 PTP6-Flag-LSD1-SV1 and SV2 plasmid map. (A) PTP6-N-FLAG-
LSD1-SV2 full length CDS, (B) PTP6-N-FLAG-LSD1-SV2 full length CDS.  In salmon pink the 
LSD1 SV1 and SV2 coding DNA sequence (CDS) is demonstrated flanked by two EcoR1 restriction 
digestion sites. LSD1-N-FLAG-SV1 EcoR1 digestion will result in a fragment that is 2,710 bp while 
LSD1-N-FLAG-SV2 EcoR1 will result in a fragment that is 2,650 bp. Both plasmids show that the 
LSD1 CDS has an N-Terminus Flag as indicated in Red. The LSD1 CDS sequence is present 
directly after the Chicken Beta Actin (CBA) promotor. Both plasmids show Ampicillin resistance. 

A 

B 
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Supplementary Figure.2 LSD1 C-Terminus plasmids with a C-terminus flag to the CDS.  
A. PTP6-C-Flag-SV1-SWIRM, with EcoR1 digestion results in a C-FLAG-SV1-SWIRM 

fragment that is 922 bp and the PTP6 backbone that is 6,462 bp 
B. PTP6-C-Flag-SV2-SWIRM, with EcoR1 digestion results in a C-FLAG-SV1-SWIRM that is 

858 bp and PTP6 backbone that is 6,462 
C. PTP6-C-Flag-SV1-Ex2a, with EcoR1 digestion results in a C-FLAG-SV1-Ex2a that is 624 

bp and a PTP6 backbone that is 6,462 bp 
D. PTP6-C-Flag-SV2-Ex2, with EcoR1 digestion results in a C-FLAG-SV2-Ex2 that is 574 bp 

and a PTP6 backbone that is 6,462 bp 
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Supplementary Figure.2 LSD1 N-Terminus plasmids with a C-terminus flag to the CDS.  
A. PTP6-N-Flag-SV1-SWIRM, with EcoR1 digestion results in a N-FLAG-SV1-SWIRM fragment that 

is 922 bp and the PTP6 backbone that is 6,462 bp 
B. PTP6-N-Flag-SV2-SWIRM, with EcoR1 digestion results in a N-FLAG-SV1-SWIRM that is 858 bp 

and PTP6 backbone that is 6,462 
C. PTP6-N-Flag-SV1-Ex2a, with EcoR1 digestion results in a N-FLAG-SV1-Ex2a that is 624 bp and a 

PTP6 backbone that is 6,462 bp 
D. PTP6-N-Flag-SV2-Ex2, with EcoR1 digestion results in a N-FLAG-SV2-Ex2 that is 574 bp and a 

PTP6 backbone that is 6,462 bp 
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SUPPLEMENTARY TABLES 
 

Supplementary Table.1 Flag Immunoprecipitation (IP) solution preparation 
Lysis Buffer (low stringency) 
 Concentration [initial] Concentration [final] Dilution Factor 
Tris-HCL pH8 1M 50 mM 20 
NaCl 5 M 150 mM 33.3 
EDTA pH8 0.5 M 0.5 mM 1000 
Triton x100 10% 0.5% 20 
Glycerol 100% 10% 10 
PIC inhibitor 50X 1X 50 
H2O - - - 
Wash Buffer 
Tris-HCL pH8 1M 50 mM 20 
NaCl 5 M 150 mM 33.3 
Triton x100 10% 0.1% 100 
Glycerol 100% 5% 20 
PIC inhibitor 50X 1X 50 
H2O - - - 
Flag Elution Buffer 
Tris-HCL pH 7.5 1 M 0.5 M 2  
NaCl 5 M 1 M 5 
H2O - - - 

 

Supplementary Table.2 Solutions for MS In gel Tryptic Digestion 
Trypsin 
Digestion Buffer 

100 mM NH4HCO3 

Destaining 
solution 

50 mM NH4HCO3/50% ACN (v/v) 

Reducing agent 10 mM DTT in 100 mM NH4HCO3 
Alkylating agent 55 mM IOA in 100 mM NH4HCO3 
Digestion 12.5 ng/µL trypsin in 100 mM NH4HCO3 
Extraction Buffer 5% acetic acid, 50% ACN 
Extraction Buffer 0.1% TFA, 75% ACN 
Elution  0.1% TFA in diH2O 

 


