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Abstract 
Lysine-specific demethylase 1 (LSD1/KDM1A) regulates transcriptional events 

by post-translational modifications of histone H3 tails at residues K4 an K9. This enzyme 

plays a vast number of roles in both normal cellular functions and diseases states. 

Increasingly it is appreciated that this enzyme, like most epigenetic regulators, does not 

function alone, but rather forms a catalytic subunit of much larger protein assemblies 

that congregate on chromatin to concertedly mediate transcriptional events. LSD1 in 

particular has been found in many different complexes, in many different tissues and 

can facilitate both activation and repression events.  

Because of these roles, LSD1 is viewed as a potential therapeutic target. 

Significant effort has recently led to the development of highly selective and potent 

active-site inhibitors. These inhibitors have particularly shed light on the cancer-

promoting activities of LSD1 in acute myeloid leukemia and small cell lung carcinoma. 

However, one failing of these strategies is that active site inhibition is incapable of 

differentiating between the multitude of functions LSD1 performs. We sought to address 

this issue by instead developing first-generation tools to explore protein-protein 

interaction disruption as an alternative strategy for inhibiting the enzyme. 

To this end, we have carefully examined a well-characterized interaction 

between LSD1 and the scaffolding protein CoREST. Using this interaction as a template, 
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we developed a probe that is shown here to compete with CoREST for interaction with 

LSD1. Furthermore, we generated cell permeable versions of this probe and examined 

the effects in a model of breast cancer. We find that a spectrum of outcomes can be 

obtained through different modes of LSD1 inhibition. Small molecule inhibition of LSD1 

has little effect on breast cancer cell proliferation, while siRNA-mediated knockdown of 

LSD1 largely abolishes growth. Conversely, our probe appears to selectively inhibit 

estrogen signaling, resulting in an intermediary slowing of breast cancer cell 

proliferation. This work suggests that disrupting protein-protein interactions such as the 

one shared by LSD1 and CoREST may expand the current therapeutic space by 

selectively inhibiting the individual functions of proteins. 
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1. Introduction  
“Epigenetics” was first described by Conrad Waddington as an abstract concept 

that explored how genes might react to their environment to elicit particular phenotypic 

responses.1 Since that time, the field has expanded rapidly and now is generally defined 

as the regulation of gene expression without alterations to the primary DNA sequence. 

Epigenetic regulation is increasing acknowledged as critical to nearly all cell functions, 

from developmental processes to signaling pathways. Furthermore, aberrant regulation 

of epigenetic mechanisms can contribute to disease states and as such, they increasing 

viewed as potential therapeutic targets. This prospect creates a pressing need to further 

characterize the players that contribute to epigenetic processes and explore strategies for 

their selective modulation. 

Our understanding of the complex mechanisms employed by cells to regulate the 

genetic tools at their disposal is ever-expanding. To date, three main mechanisms of 

epigenetic regulation have been described, namely DNA methylation, non-coding RNA, 

and post-translational modifications of histones proteins. DNA methylation is typically 

considered a repressive mark, associated with transcriptional repression.2 Non-coding 

RNAs play various roles, including silencing of mRNA transcripts and orchestrating the 

assembly of large multi-component complexes on chromatin.3 Recently, a unifying 

theory has been published by Salmena and colleagues, which describes non-coding 

RNAs as the “language” of cell regulation, with different transcripts regulating the 
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effective concentrations of other factors in a complex dialogue.4 Histone modifications 

come in many varieties, and have an equally expansive number of outcomes on gene 

regulation.5 Each mechanism is critical for normal cell function, and often these systems 

cross-talk to form incredibly tangled networks of interplay that can be quite challenging 

to unravel. 

1.1 The Structure and Regulation of Chromatin 

Within each cell nucleus, a vast amount of DNA is packaged tightly into a 

structure called chromatin, which combines DNA, proteins, and even RNA.6,7 At the 

heart of this material lies the nucleosome, a core of eight histone proteins encircled by 

approximately 146 base pairs of DNA, which circumventing the core twice. The proteins 

at the center of this unit are the histone proteins H2A, H2B, H3, and H4, with each 

represented twice. The proteins form a positively-charged center, which is ideally suited 

for attracting the negatively-charged phosphodiester backbone of DNA. A fifth histone, 

termed H1, interacts with the nucleosome from outside of the core and facilitates the 

formation of higher order structures (Figure 1a). Together, these elements fold in to the 

“beads on a string” arrangement, with beads representing nucleosomes and strings 

representing the intervening DNA. From this state, chromatin can fold into chromatin 

fibers and higher-order structures, in the extreme taking the shape of the familiar X-

shaped chromosome during cell division. 
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In a simplified view, epigenetics is the regulation of chromatin accessibility 

(Figure 1b). Genes resident within a tightly-condensed region of chromatin are not 

accessible to transcriptional machinery. These regions are known as heterochromatin 

and experience little transcriptional activity. Conversely regions of relatively loose 

packing are more freely accessible and are typically associated with transcriptionally-

active genes. The controlled transition between these states is carried out by large 

chromatin remodeling complexes.8 Once accessible, gene expression is further regulated 

by the post-translational modification state of histones in the surrounding region. 

 

Figure 1: Chromatin Structure. (a) The familiar “beads on a string” structure of 
chromatin allows higher order packing within the nucleus. (b) Chromatin can be 

remodeled between loosely packed euchromatin and tightly-packed heterochromatin. 
Figure adapted.9 

1.1.1 Histone Post-Translational Modification 

Within chromatin, the flexible N-terminal tails of the core histones protrude from 

the center of the nucleosome. While these regions contribute little to the overall tertiary 
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structure of the nucleosome,10 they are a major site of post-translational modification. 

Such modifications play a critical role in the recruitment of regulatory machinery, 

including both coactivators and corepressors of transcription. Many post-translational 

marks are found on histone tails, including acetylation, methylation, phosphorylation, 

and ubiquitination, among many others (Figure 2). Notably, many of these modification 

occur in close proximity to one another, which has lead to the postulation of a “histone 

code,” in which modifications act in a combinatorial way to regulate genetic 

activities.10,11 

 

Figure 2: Common Post-Translation Modifications of Histones. Common 
histone post-translational modifications are indicated as dots colored according to the 
legend. Residue position on histones H2A, H2B, H3, and H4 is also indicated. Figure 

adapted from Lawerence et al.12 

Histone post-translational modifications are dynamically regulated by various 

epigenetic enzymes and proteins.13 Typically, these molecules are classified as writers, 

which deposit marks on histone tails, readers, which detect the mark and facilitate some 

down-stream function, and erasers, which removed the marks. Perhaps not surprisingly, 

these enzymes often act in concert to remodel chromatin for gene activation, repression, 
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or even to hold it in a poised state between these two extremes, a condition commonly 

found in pre-differentiated cells.14  As the regulators of gene transcription, these 

enzymes and proteins are increasingly becoming the subject of therapeutic 

investigations.  

 

1.2 Discovery and Overview of the FAD-Dependent Lysine-
Specific Demethylase 1 (LSD1) 

Allfrey first described the influence of histone acetylation and methylation on 

RNA synthesis in 1964.15,16 Since then, protein and histone methylation have been widely 

acknowledged as a key factor in cellular regulatory mechanisms. Specifically, lysine 

methylation plays a critical role in the regulation of transcriptional activation and 

repression, chromatin remodeling, normal and oncogenic signaling, viral pathogenesis, 

and protein and transcription factor recruitment, among other functions. As such, it is 

critically linked with both biological and pathobiological outcomes. S-

adenosylmethionine-dependent methyltransferases (SAM-dependent MTases) are the 

“writers” of histone methylation, catalyzing the installation of mono-, di-, and tri-

methylated lysine residues. These marks are removed by two mechanistically-distinct 

classes of lysine-specific demethylases (LSDs) that utilize either a flavin-adenine 

dinucleotide (FAD) cofactor (LSD subfamily 1) or iron(II) and α-ketoglutarate cofactors 

(LSD subfamily 2-6) to catalyze the oxidative demethylation of protein side chains.17-19  
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1.2.1 Discovery of the FAD-Dependent Demethylases 

For decades, methylation marks on proteins like histones were presumed to be 

immutable, reversed only through protein turnover and degradation. However, in 1998 

and 2001, several histone deacetylase (HDAC)-containing complexes were co-purified 

with a protein then only known as KIAA0601 (aka LSD1/KDM1A/BHC110/AOF2). This 

protein shared homology to the human FAD-dependent oxidoreductases (MAO-A/B) 

and maize polyamine oxidase (mPAO), which catalyze the oxidative cleavage of C-N 

bonds.20-22 In 2003, Shiekhattar reported that KIAA0601 formed a stable complex with 

several proteins including HDACs 1 and 2, CoREST, BRCA2-associated factor, BCH80, 

TFII-1, KIAA0182/GSE-1, ZNF217, ZNF198/FIM and ZNF261/X-FIM.23 

In 2003 Amasino and coworkers independently discovered that the gene 

FLOWERING LOCUS D (FLD) encoded a plant homolog of KIAA0601.24 FLD not only 

contains a KIAA0601-like amine oxidase domain, but also possesses an N-terminal 

SWI3p, Rsc8p, and Moira (SWIRM) domain similar to that associated with a range of 

proteins involved in chromatin remodeling, including KIAA0601.25,26 Deletion of FLD 

resulted in increased histone methylation levels (R. Amasino, 2003, personal 

communication), implicating FLD (and by analogy KIAA0601) as the elusive human 

histone demethylase enzyme.   

In early 2004, Shi and coworkers provided the first direct evidence that 

KIAA0601 (from here on referred to as LSD1) functions as a histone demethylase and 
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transcriptional corepressor.27 The authors demonstrate that LSD1 specifically 

demethylates mono- and di-methylated histone H3 lysine 4 (H3K4me1/2), a histone 

mark linked to active transcription, and that lysine demethylation occurs by an oxidative 

process, generating formaldehyde as a byproduct. In addition, the authors found that 

knockdown of LSD1 RNA interference (RNAi) increased H3K4 methylation and 

concomitant resulted in derepression of several neuronal-associated target genes. Shi’s 

discovery of LSD1 activity implied that lysine methylation might be dynamically 

controlled.   

A second human flavin-dependent histone demethylase, LSD2 (aka 

KDM1B/AOF1) was identified by Shi and coworkers in 2004 through a domain 

homology search of genomic databases.27 However, Mattevi and coworkers first isolated 

and confirmed the flavin-dependent demethylation activity of LSD2, noting specificity 

for H3K4me1/2, despite relatively low sequence identity (<25%) with LSD1.28 Unlike 

LSD1, LSD2 does not form a biochemically-stable complex with the C-terminal domain 

of the corepressor CoREST, but does possess both CW-type and C4H2C2-type zinc 

finger motifs. This suggests that LSD2 may interact with different targets or coregulatory 

molecules and may be involved in transcriptional programs distinct from those of LSD1. 

1.2.2 Structural Overview of LSD1 

At 852 amino acids (aa) in length, LSD1 contains three functional domains: an 

amine oxidase catalytic domain (AOD) (residues 272-415 and 515-852), an ~100 aa insert 
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known as the ‘Tower’ domain (residues 415-515), and a SWIRM domain (residues 172-

272) (Figure 3).25,29,30 The N-terminal region of the enzyme (~170 aa) has no predicted 

conserved structural elements, but does contain a nuclear localization signal 

(112RRKRAK117).31,32 However, with the exclusion of this N-terminal region, protein X-ray 

crystallographic structures of LSD1 have been reported, both with the enzyme in 

isolation and with various substrates, inhibitors and binding partners.29,30,33-44  

 

Figure 3: Structural Overview of LSD1. (a) LSD1 consists of three domains: an 
amine oxidase catalytic domain (magenta), a SWRIM domain (cyan), and a Tower 

domain (green), which consists of two alpha-helices named TαA and TαB. (b) A domain 
map of LSD1 where numbers indicate relatively start and stop sites of the individual 

domains. Figure adapted from Link et al.45 
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The catalytic AOD of LSD1 contains a single, non-covalently bound FAD 

molecule and shares significant sequence homology with human MAO-A, MAO-B, and 

mPAO (17.6%, 17.6%, and 22.4%, respectively).46 The AOD is formed from the assembly 

of two separate lobes, one of which is involved in substrate binding while the other 

binds an FAD cofactor in an expanded Rossmann fold.30,33 The Tower domain of LSD1 

is an antiparallel coiled-coil composed of two α-helices (termed TαA and TαB) bridged 

by a tight, proline-rich turn.30 This domain projects almost 100 Å away from the globular 

AOD and mediates protein-protein interactions with coregulatory proteins.30,34,47 The 

SWIRM domain of LSD1 engages the C-terminal tail of the AOD,29 and mutations of 

conserved residues along this interface have been shown to reduce LSD1 stability and 

catalytic activity.29 SWIRM domains frequently found in chromatin-associating proteins 

and typically facilitate binding to DNA.26,48 However, neither LSD1 nor the isolated 

SWIRM domain binds DNA in vitro33,49 and the residues that compose the typical DNA-

binding interface (α6, residues 247-259) are inaccessible and not conserved.29,33 Therefore, 

a most substantial role for the SWIRM domain awaits further characterization. 

1.2.3 LSD1 Chemical Mechanism 

LSD1 utilizes a FAD cofactor to oxidize C-N bonds with subsequent production 

of a demethylated lysine residue and formaldehyde byproduct.50 By contrast, histone 

demethylase (HDM) subfamilies 2-6 (Jumonji-C domain-containing demethylases) are 

mechanistically distinct from LSD1 since they utilize non-heme iron(II) and α-
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ketoglutarate (α−KG) cofactors to demethylate lysine residues with the concomitant 

production of succinate and formaldehyde.18 HDM families 2-6 are also distinguished 

from LSD1 by their unique ability to demethylate trimethylated lysine residues.51 

However, LSD1 has a mechanistic requirement of a protonated iminium intermediate, 

achievable only with mono- and dimethylated lysines. 

1.2.3.1 Involvement of Flavin Adenine Dinucleotide as a Cofactor 

Experimental and theoretical mechanistic studies have been conducted on flavin-

utilizing HDMs, focusing almost exclusively on LSD1. Mattevi and coworkers first 

confirmed the participation of the non-covalent FAD in the demethylation reaction 

using two truncated forms of LSD1 lacking the first N-terminal 157 or 184 aa.52 They 

visualized production of the two-electron fully reduced flavin, noting the absence of 

intermediate one-electron reduced forms of the cofactor. This suggested that LSD1 was 

likely related by mechanism to the broader family of flavoenzyme oxidases that catalyze 

two-election oxidation of substrates with concomitant cofactor reduction.52 Once the 

substrate is oxidized, hydrolysis by bulk solvent of the iminium intermediate produces 

an unstable hemiaminal that spontaneously decomposes into formaldehyde and the 

mono-demethylated product. Additionally, reoxidiation of the FAD cofactor by 

molecular oxygen produces a molar equivalent of H2O2 and the fully oxidized quinone 

(Figure 4).27,52 
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Figure 4: Proposed Chemical Mechanism of LSD1. Oxidation of the C-N bond 
of the methylated lysine sidechain to an iminium ion, with concurrent reduction of the 

flavin enables hydrolysis via bulk water. Collapse of the hemiaminal (not shown) yields 
formaldehyde and the demethylated amine sidechain. The reduced flavin is reoxidized 

by molecular oxygen, generating a molar equivalent of hydrogen peroxide. Figure 
reproduced from Link et al.45 

1.2.3.2 Evidence for a Direct Hydride Transfer Mechanism 

McCafferty, Fitzpatrick, and coworkers conducted a detailed investigation of the 

chemical mechanism of LSD1.53,54 The mechanism was examined using the effects of pH 

and isotopic substitution on steady-state and pre-equilibrium kinetic parameters. Using 

a 21-mer derived from histone H3 (H3K4me2, residues 1-21) at pH 7.5, the rate constant 

for flavin reduction in the transient phase, k
red

, was shown to equal k
cat

, establishing the 

reductive half-reaction as rate-limiting at physiological pH. Deuteration of the lysyl Nε-

methyl groups (H3K4me2-d6) produced identical kinetic isotope effects of 3.2 ± 0.1 on the 

k
red

, k
cat

, and k
cat

/K
m

 values for the peptide, thus establishing C−H bond cleavage as rate-

limiting with this substrate. The D(k
cat

/K
m

) value for the peptide was pH-independent, 

suggesting that the observed value is the intrinsic deuterium kinetic isotope effect for 
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oxidation of this substrate.55 No intermediates between oxidized and reduced flavin 

forms were detected by stopped-flow spectroscopy, consistent with the expectation for a 

direct hydride transfer catalytic mechanism for amine oxidation. Additionally, the k
cat

/K
m

 

value for the peptide was bell-shaped, consistent with a requirement that the nitrogen at 

the site of oxidation be uncharged and that at least one of the other lysyl residues be 

charged for catalysis.53,54,56  

A subsequent theoretical investigation by Karasulu and coworkers has 

confirmed that the H3K4me2 residue of the substrate has to be deprotonated in order for 

catalysis to occur, with K661 of LSD1 acting as the proton acceptor in the active site.57 

Additional support for a direct hydride transfer mechanism was obtained through 

inhibition studies with tranylcypromine (2-PCPA, Parnate).36,46 Parnate, which 

covalently inactivates LSD1, is known to inactivate FAD-dependent enzymes that 

function through either the SET58 or direct hydride transfer mechanisms.59,60 

As a further point of clarification, in LSD1, reoxidation of the FAD cofactor by 

dioxygen is a relatively fast process compared to the turnover number measured under 

steady-state conditions.61 This entails that reoxidation is not the rate-limiting step of the 

chemical mechanism. Additionally, the FAD reoxidation rate is not perturbed by the 

presence of the product peptide61 and suggests that LSD1 can remain bound to the 

demethylated product and possibly functions through a ternary complex kinetic 

mechanism.62 Using computational approaches, Baron and coworkers suggest that 
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molecular O2 diffuses though the enzyme for the purpose of reoxidaton while the 

demethylated product remains bound.41 Despite this prediction, there is no chemical 

requirement for the demethylated product to remain bound to the enzyme (i.e. the 

apparent rate of reoxidation is not faster or slower in the presence of the peptide 

product). Therefore, LSD1 might also function through a ‘ping-pong’ or double 

displacement kinetic mechanism, in which the release of the demethylated product 

occurs before reoxidation. Interestingly, in cell culture LSD1 removes a single methyl 

mark from p53-K370me2 to produce K370me1; however, in vitro it completely 

demethylates this residue.63,64 Thus, one may argue that the release of the demethylated 

product may be influenced by coregulatory molecules or other contributing factors 

capable of tuning its catalytic proficiency or substrate specificity. 

Using classical molecular dynamics (MD) and quantum mechanics/molecular 

mechanics (QM/MM) approaches, Karasulu and coworkers provided theoretical support 

for a hydride transfer mechanistic pathway for methyl lysine oxidation over SET, 

carbanion, or polar-nucleophilic mechanisms.57 Proper alignment of the substrate, 

transition-state stabilization (due to the protein environment and favorable orbital 

interactions), and product stabilization via adduct formation were found to be crucial for 

facilitating the oxidative C-H bond cleavage.57 Similarly, Truhlar and coworkers 

provided theoretical support for a hydride transfer mechanism, but also noted that 

because of the magnitude of the calculated free energy, a mechanism involving 
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concerted transfer of a hydrogen atom and an electron could not be ruled out.65 Lastly, 

Kong and coworkers used theoretical calculations to provide support for a hydride 

transfer mechanism, but also used MD to implicate a conserved Y761 and K661-water-

flavin motif in orienting FAD with respect to the substrate.66 Collectively, these 

theoretical analyses are in good agreement with the experimentally determined hydride 

transfer mechanism for LSD1.57,65,66 

1.2.4 LSD1 Histone Substrate Specificity 

Shi and coworkers first reported that LSD1 was capable of demethylating 

methyllysine peptides derived from the highly conserved N-terminus of histone H3, as 

well as full-length H3 in vitro.27 No cross-reactivity for polyamine substrates was 

observed, despite the similarity of LSD1 to the PAO superfamily.27 They also reported 

that LSD1 is specific for histone H3K4me1/2, as no other methyllysine sites were 

processed.27 Forneris and coworkers demonstrated that histone H3 tail peptides greater 

than 16 aa in length are necessary to achieve demethylase efficiency in vitro. 

Additionally, they revealed that LSD1 demethylated H3K4me1 and H3K4me2 with 

similar kinetic parameters in vitro, illustrating a lack of a strong kinetic preference for 

either substrate.56  

Mattevi and coworkers have also examined the contribution of residues within 

the H3 N-terminal tail to the efficiency of LSD1 demethylase activity, as well as the 

effects of epigenetic PTMs within this sequence.53,56,61 For example, Mattevi showed that 
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methylation of H3K9 does not affect enzyme catalysis, yet acetylation at H3K9 increases 

the Km 6-fold for H3 peptide substrates methylated on K4. Similarly, phosphorylation of 

H3S9 abolishes demethylase activity, suggesting that LSD1 ‘reads’ PTMs along the 

histone tail.56,61 It was also proposed that electrostatic interactions likely contribute 

significantly to substrate binding, since demethylation activity was shown to be 

sensitive to ionic strength as well as hyperacetylation in vitro.56,61 Additionally, Mattevi 

showed that unmethylated H3-derived product peptides exhibit inhibition, which may 

serve to regulate LSD1 activity or localization.56 

While the ability of LSD1 to demethylate H3K4me1/2 is quite striking, it does not 

demethylate H3K9me1/2 peptides in vitro.27,28,56 Despite lacking this activity towards 

peptide substrates, it has been suggested that LSD1 association with AR shifts its 

substrate specificity to H3K9me1/2 demethylation.67 However, the mechanisms behind 

these observations are not yet clear. A simple explanation is that AR association with 

LSD1 physically occludes its access to H3K4 or triggers recruitment of another 

demethylase, such as the H3K9me2/3-specific KDM4C (JMJD2C) demethylase.68 

Alternatively, modifications on surrounding histone residues,69 a conformational change 

induced by a protein-protein interaction, or a PTM to LSD1 could potentiate this switch 

in specificity.70 

As a member of the flavin-dependent oxidases, LSD1 exhibits a strict 

requirement for proper substrate positioning in relation to the FAD cofactor to promote 
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catalysis.71 However, LSD1 differs from other amine oxidases because its active site is 

significantly expanded in order to accommodate the N-terminal residues of the histone 

H3 peptide (i.e. 1,245 Å3).30 Within LSD1, there are four major invaginations lined with 

distinct groupings of residues to form complimentary interactions with H3 substrate 

side chains as well as for recognition of PTMs.29 No structural features within the active 

site has been found that might suggest that the methylation state of H3K4 can be 

distinguished sterically or electronically, and discrimination against H3K4me3 

substrates is due to the inherent chemical mechanism of the enzymes.29,72 Although more 

than 16 N-terminal residues of H3 are required for efficient catalysis, a significant 

portion of the C-terminus of substrates likely extends from the active site and potentially 

interact along a cleft formed at the interface of the AOD and SWIRM domain.29,30,33,50 

Mutations of residues in this cleft in LSD1 abolish or abrogate demethylation activity, 

suggesting that interactions with substrates within this region may provide an 

additional specificity determinant.29 Additionally, surface plasmon resonance (SPR) 

interaction studies have demonstrated that the SWIRM domain of LSD1 interacts with 

H3-derived peptides.49 

1.2.5 LSD1 Inhibition 

1.2.5.1 Discovery and Optimization of Mechanism-Based Inhibitors 

The discovery and development of LSD1 inhibitors has been the subject of 

several recent comprehensive reviews; therefore, an abbreviated overview is 



 

17 

presented.51,73-80 Motivated by the relationship between the AOD of LSD1 to that of 

MAO-A/B and PAO, the first LSD1 inhibitors were discovered by McCafferty and 

coworkers.81 Through screening a focused group of irreversible and reversible amine 

oxidase inhibitors, tranylcypromine (trans-2-phenylcyclopropylamine (2-PCPA), 

ParnateTM, 1) was found to exhibit the highest LSD1 inhibitory activity towards 

methylated bulk histones as well as methylated nucleosomal substrates in vitro. 

Treatment of P19 embryonal carcinoma cells with 1 resulted in the global increase of 

H3K4 methylation as well as transcriptional derepression of two LSD1 target genes, Egr1 

and the pluripotent stem cell marker Oct4. This was the first example of small molecule 

inhibition of histone demethylation and interruption of transcriptional programs 

regulated by LSD1.81  

In a subsequent study, our group determined that tranylcypromine was a 

mechanism-based inactivator of LSD1, forming a covalent adduct with the FAD cofactor 

and demonstrating inactivation kinetic parameters of KI = 242 µM and a kinact = 0.0106 s-1.46 

Soon after, the laboratories of Cole,36 Yokohama,37,40 and Mattevi39 provided additional 

support for this inhibitory mechanism, including defining the structure of the 

tranylcypromine-LSD1 adduct using X-ray methods, which revealed the N5 of the FAD 

isoalloxazine ring as the site of covalent attachment of the inhibitor.   

In addition to tranylcypromine (1), our study revealed less potent LSD1 

inhibition from the hydrazine-containing phenelzine (2) and the propargylamines, 
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represented by pargyline (3) and clorgyline (4) (Figure 5).81 LSD1 inhibitors 1 and 2 

achieved complete inhibition in vitro at significantly lower concentrations than are 

physiologically relevant.46,82 However, propargylamines were not inhibitory at 5 mM, 

and only partial inhibition of LSD1 was observed at 30 mM.56,81,82 Exposure of cells to 

such non-physiologically relevant concentrations of 3 causes inhibition of proliferation 

and alteration of transcriptional programs via mechanisms that do not necessarily 

involve LSD1 activity.83 As such, one should approach the use of members of this 

inhibitor class with caution when attempting to attribute phenotypic effects exclusively 

to LSD1 inhibition.  

Analysis of the crystal structures of LSD1, MAOs, and PAOs, lead our group to 

conclude that LSD1 may be distinguished from related amine oxidases since MAO-A/B 

and PAO have significantly restricted active site volume when compared to LSD1. As 

such, we designed, synthesized, and characterized analogues of 1 for the purpose of 

increasing potency and specificity towards LSD1 through aromatic substitutions and 

heteroaromatic exchanges.84 Within this initial group of inhibitors, improved selectivity 

and potency was observed, and these analogues were subsequently utilized to probe the 

role of LSD1 activity in estrogen receptor signaling.83 Since that time, numerous research 

groups, in addition to our own, have further optimized the potency and selectivity of 

arylcyclopropylamines for LSD1 inhibition.39,40,76,85-87  
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In fact, several members of the arylcyclopropylamine inhibitor class have 

achieved pre-clinical and clinical development status industrially. For example, Oryzon 

researchers reported the discovery of LSD1 inhibitor 5 that exhibited a 100-fold 

improved potency over the parent inhibitor 1. In a recent review, it was reported that 

Oryzon optimized 5 to produce ORY-1001 (structure not yet released), that possessed 

1000-fold greater potency than 1 and was highly selective for LSD1 over LSD2, MAO-

A/B, IL4I1, and SMOX (SMO/PAO/PAO-1/PAOH1).78 Additionally, GlaxoSmithKline 

recently reported the discovery, development, and optimization of arylcycloproylamine-

based LSD1 inhibitors (lead compound, 6) that achieved exclusive selectivity for LSD1 

and also exhibited good oral bioavailability.88 

 

Figure 5: Chemical Structures of Representative Mechanism-Based, 
Irreversible Inhibitors. Figure reproduced from Link et al.45 

1.2.5.2 Peptide-Base Inhibitors 

In addition to the small molecules discussed above, unmethylated product 

peptides (7) of the LSD1 reaction as well as a related substrate-like inhibitor containing a 

methionine point mutant (8; H3K4M; pK4M) have been shown to be competitive 
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inhibitors of LSD1 with enhanced binding over methylated substrates.35,56 Recently, 

Kumarasignhe and Woster have also developed a series of cyclic peptides based on the 

substrate-like inhibitor pK4M that were more hydrolytically stable than the acyclic 

analogues. Additionally, moderate antitumor effects were observed in MCF7 and Calu-6 

cancer cell lines.89 On the other hand, Mattevi and coworkers have developed a series of 

short peptide reversible inhibitors based on the N-terminal region of SNAI1, some of 

which exhibited anti-proliferative activity.41,42 Both classes of peptides show promise and 

may serve to lay the foundation for the development of further peptidomimetic small 

molecule inhibitors. 

In addition to reversible peptide inhibitors, several groups have also adopted an 

inhibitor design strategy whereby flavin-reactive moieties are grafted as ‘warheads’ onto 

peptides derived from histone H3, including reactive N-propargyl, -cyclopropyl, -

aziridine, -phenelzine, -vinylchloride, or -tranylcypromine substituents (compounds 9-

17; Figure 4).82,90,91 Within this series, phenelzine-containing H3K4-derived peptide (15) 

exhibited the most potent inhibitory activity in vitro;82 however, none of these 

compounds exhibited significant LSD1 inhibitor activity in cellular models, presumably 

due to poor cellular uptake or susceptibility to proteolytic degradation.92 Additionally, 

although alone pargyline is a very poor inhibitor of LSD1,56,81,82 presentation of the 

propargylamine group as a pendant substituent within a peptide derived from histone 
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H3 (9, 10) significantly enhanced its activity as a mechanism-based inactivator (Figure 

6).34,82,90 

 

Figure 6: Structures of Substrate-Based Peptide Inhibitors. Figure reproduced 
from Link et al.45 

 

1.3 The Therapeutic Potential of LSD1 

LSD1 is involved in a wide variety of cellular processes and pathologies, 

including signal transduction, chromatin remodeling, transcriptional regulation, 

development, differentiation, viral pathogenesis, and cancer proliferation and 

metastasis.17,73,75,93-99 As such, LSD1 has emerged as a potential therapeutic target. 

Although their clinical value is only beginning to be explored, at the time of this 

review’s publication, five clinical trials involving LSD1 were either planned or currently 
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recruiting subjects. Three trials will investigate LSD1 inhibition as a therapeutic strategy 

in acute myeloid leukemia (AML), one will evaluate the same strategy in small cell lung 

cancer, and one seeks to correlate the status of LSD1 with cardiovascular responses to 

changes in sodium intake (see http://clinicaltrials.gov). We expect the scope of clinical 

trials to expand with our growing knowledge of LSD1 function. 

1.3.1 Cellular Differentiation 

Epigenetic modifications are critical for the maintenance of pluripotent stem cells 

and their subsequent differentiation into specialized tissues.100 Prominent among these 

modifications are bivalent domains: regions of chromatin in which both activating 

H3K4me3 and repressive H3K27me3 marks are present.101,102 In pluripotent and other 

multipotent cells, these domains generally coincide with lineage-specific genes and hold 

them in a ‘poised’ state of minimal expression that is nevertheless amenable to activation 

or long-term silencing following differentiation cues. LSD1 is an integral part of the 

cellular machinery that governs these domains and other differentiation processes in 

various cell types, including embryonic,103,104 hematopoietic,105 neuronal,106 pituitary,107 

and osteogenic.108 While these events are critical for proper development, aberrant 

regulation can contribute to tissue-specific disease states.  

One of the earliest reported functions of LSD1 was its role in the repression of 

neuronal genes in non-neuronal cells.109 Since then, it has been linked to differentiation 

and development events of various neuronal systems.110-112 Non-canonical regulation of 
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LSD1 splice variants38,43 and programmed destabilization of the demethylase113 are both 

suggested mechanisms for its participation in neural development. Moreover, LSD1 

activity has been linked to neuronal cell proliferation,114 survival,115 and long-term 

memory formation,116 and is therefore an emerging therapeutic target for some 

neurological and cognitive disorders. 

LSD1 similarly plays an indispensible role in the maturation of several 

hematopoietic cell types,99 including megakaryocytes, erythrocytes, and granulocytes.117-

119 Additionally, LSD1 experiences repressed expression during the monocyte-to-

macrophage transition,120 implicating its involvement in the differentiation of limited-

potency cell types as well. Recent work has identified LSD1 as a key regulator of 

leukemia stem cells,121 sparking interest in its potential as a therapeutic target in AML. 

However, LSD1 may also be a relevant target in other hematopoietic-related diseases,122 

so further investigation is warranted. 

1.3.2 Cancer Development and Progression 

LSD1 has also been widely implicated in the development and progression of 

cancer, and select cancer types, with relatively well-documented LSD1 involvement, are 

described below. There are also isolated reports of LSD1 overexpression and anti-

proliferative effects of inhibition in various other cancer types;123-133 however, these 

require further validation and will not be described in detail here. 
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1.3.2.1 Neuroblastoma 

Overexpression of LSD1 in neuroblastic tumors correlates with poor prognosis134 

and may be related to aberrant downregulation of microRNAs miR-137 and miR-329, 

which silence LSD1 and reduce the proliferative phenotype.135,136 Schulte and coworkers 

first noted in 2009 that LSD1 inhibition in neuroblastoma cells leads to increased H3K4 

methylation, decreased proliferation in cell culture, and reduced growth in a xenograft 

model.134 Further investigations showed that co-administration of a LSD1 inhibitor with 

retinoic acid, a derivative of vitamin A currently used in the clinic to treat 

neuroblastoma, synergizes to promote neuroblastoma cell death.137 A later report 

demonstrated similar results in the closely-related medulloblastoma tumor type, where 

LSD1 inhibition decreases proliferation and initiates apoptosis.138 

1.3.2.2 Colorectal Cancer 

LSD1 is also an emerging target in colorectal cancers, where it is markedly 

overexpressed in tumor samples compared to matched normal tissue139 and exhibits a 

positive correlation with metastatic potential.140,141 Although genetic deletion of LSD1 

does not result in a global increase of H3K4me2, it does alter gene expression programs 

and reduces proliferation in cell culture and in vivo.139,142 In one suggested mechanism, 

LSD1 promotes colorectal cancer progression by derepressing the Wnt/β-catenin 

signaling pathway, a known regulator of tumorigenesis.139 
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1.3.2.3 Leukemia 

LSD1 is also a promising target for pharmacological intervention in leukemia, 

and particularly in AML. LSD1 inhibition alone provokes cytotoxic effects in AML cell 

lines,143 and when used in conjunction with HDAC inhibitors, reduces engraftment of 

tumors in mice and improves survival.144 LSD1 inhibition also unlocks the anti-leukemic 

effects of all-trans-retinoic acid (ATRA), a differentiation-inducing agent that alone is 

ineffective for the treatment of AML.145 LSD1 has been implicated in other leukemia 

subtypes as well. In a model of MLL-AF9 leukemia cells, LSD1 cooperates with the MLL 

methyltransferase fusion protein to maintain an oncogenic transcription program. As a 

result, inhibition of LSD1 preferentially reduces the repopulation potential of MLL-AF9 

cells over normal hematopoietic cells.121 In another example in a T-cell acute 

lymphoblastic cell line, LSD1 indirectly contributes to tumorigenecity by stabilizing a 

DNA methyltransferase, which leads to aberrant DNA methylation patterns.146 Sprüssel 

and coworkers have also evaluated the potential side effects of LSD1 inhibition in 

leukemia, and found that a conditional LSD1 knockdown significantly alters the existing 

pools of normal hematopoietic tissues, but that these effects are largely reversible 

following reinstatement of the demethylase.119 A more detailed review of LSD1’s role in 

leukemia has recently been published by Mould and colleagues.80 
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1.3.2.4 Hormone-Dependent Cancers 

Nuclear hormone receptors are a large class of proteins that regulate cellular 

responses to hormonal signaling molecules. Although these receptors have diverse 

functions within many cell types, their conventional mode of action involves binding of 

hormones, dissociation from cytosolic chaperones, homodimerization, and translocation 

to the nucleus. These activated receptors then bind to hormone responsive elements 

(HREs) in the promoters of target genes to regulate transcription. In particular, two 

nuclear hormone receptor transcription factors, the estrogen receptor alpha (ERα) and 

androgen receptor (AR), have been shown to recruit LSD1 as part of their transcriptional 

regulation programs. 

ERα is the main modulator of estrogen (E2) signaling in estrogen-responsive 

tissues. Tumors that arise in these tissues are frequently E2-dependent, making estrogen 

antagonists one of the most commonly employed therapies. However, loss of ERα or 

circumvention of E2 signaling can lead to hormone-resistant tumors. LSD1 is 

overexpressed in both ERα-positive and -negative breast cancers and is generally 

associated with a more aggressive phenotype.83,147-149 A recent report suggests that this 

overexpression may correlate to aberrant upregulation of a deubiquitinase, which 

stabilizes LSD1.150 Several groups have reported that LSD1 inhibition decreases 

proliferation of breast cancer cells.83,147,151 Notably, at least two groups have reported 

countering results that suggest LSD1 may be downregulated in breast cancer tissue and 
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that inhibition reduces metastasis with no observable effects on proliferation.152,153 LSD1 

inhibition also reportedly resensitizes hormone-refractory breast cancer cells to anti-

estrogen treatment,154 works synergistically with HDAC inhibitors to prohibit the 

proliferation of ERα-negative cells,155,156 and exhibits increased efficacy in cell lines that 

endogenously express the stem cell-related protein Sox2.157 

Similarly, AR is the main modulator of androgen signaling in tissues and 

participates widely in the development and maintenance of prostate cancer. Metzger 

and coworkers first linked LSD1 activity to AR-mediated transcriptional regulation.67 

Since then, at least two studies have noted little to no significant overexpression of LSD1 

in prostate cancer cell lines and tumor samples,158,159 while a third reported correlation 

between LSD1 expression and risk of recurrence.160 However, inhibition does appear to 

impede AR-mediated transcription and reduce prostate cancer proliferation.67,161-163 In 

addition, LSD1 activity appears to both stimulate angiogenesis by upregulating VEGF-

A163 and suppress metastasis.164 A review detailing further the roles of demethylases in 

prostate cancer has recently been published.165 

1.3.3 The Epithelial-to-Mesenchymal Transition 

In addition to these roles in cancer proliferation, LSD1 is also intimately linked 

with the epithelial-to-mesenchymal transition (EMT), the process by which a polarized, 

adhesive epithelial cell transitions into a motile, invasive mesenchymal phenotype. 

Although regulation of the EMT by a set of master transcriptional repressors, such as 
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SNAI1/2, ZEB1/2, and KLF8, has long been established, the importance of epigenetic 

mechanisms is only beginning to be appreciated.166 In fact, LSD1 is an established 

functional partner of SNAI1 and cooperates to silence epithelial genes, such as E-

cadherin.167 LSD1 also regulates upstream inducers of the EMT,168 including 

TGFβ,152,169,170 Wnt,139,171 NF-κB,156 and Notch.172,173 Through these and potentially other 

mechanisms, LSD1 participates in large-scale chromatin remodeling events that 

accompany the EMT and involve a reduction of H3K9me2 marks and increases in 

H3K4me3 and H3K36me3 marks.169  

The EMT is essential for normal development and wound healing, but full or 

partial transition to a mesenchymal state is also a hallmark of aggressive cancers with a 

high risk of metastasis.166 While LSD1 activity is associated with increased metastatic 

potential, its inhibition or knockdown decreases migration and invasion in several 

cancer types, including colon cancer,140,141 esophageal squamous cell carcinoma,126 and 

lung cancer cells.125 There are conflicting reports concerning the effect of LSD1 activity 

on motility in breast cancer cell lines,152,174,175 although this may be attributed to the 

multiple, potentially conflicting, roles that LSD1 plays in breast cancer (see above).  

LSD1’s role in the EMT may reflect its role in differentiation. For example, 

overexpression of LSD1 in neuroblastoma correlates with an undifferentiated neuronal 

phenotype, while inhibition leads to differentiation and decreased proliferation.134 

Likewise, LSD1’s role in hematopoiesis may be linked to its recently discovered value as 
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a pharmacological target in leukemia. LSD1 inhibition in AML produces morphological 

features of differentiation in primary and cultured cells,144 derepresses differentiation-

associated genes, 143,145 and reduces engraftment of primary cells in a mouse model.145 In 

MLL-AF9 leukemia, LSD1 contributes to a ‘differentiation block’ that represses lineage-

specific genes and endows the cells with a stem cell-like quality.121 

1.3.4 Viral Pathogenesis 

Lastly, LSD1 is associated with viral infection and replication. For example, the 

herpes simplex virus (HSV) hijacks LSD1-containing machinery required for human 

neuronal gene repression during host infection. Cooption of LSD1 demethylase activity 

helps promote early stage (a) viral gene activation and regulates late stage (b/g) viral 

gene repression. Additionally, LSD1 has been linked to gene repression during the 

development of HSV latency, the process by which viruses enter and emerge from 

dormancy in infected host cells.176 Kristie and coworkers recently demonstrated that 

interruption of LSD1 activity potently represses HSV immediate-early (IE) gene 

expression and genome replication, resulting in suppression of primary infections and 

subsequent reactivation from latency in murine infection models.177-179 In addition, LSD1 

activity plays a similar role in the infection processes of human cytomegalovirus (CMV) 

and adenovirus type 5 (HAdV-5),178 and is likewise utilized by the human 

immunodeficiency virus (HIV).180,181 Collectively, these studies underscore the emerging 

importance of LSD1 as an antiviral target. 
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1.4 LSD1 in Multi-Protein Complexes 

LSD1 typically operates as a catalytic subunits within specific stable complexes 

formed with additional biomolecules and enzymes that perform coregulatory or 

scaffolding functions. Such interactions link the catalytic activity of LSD1 to distinctive 

biological occupations, and have been shown to influence the degree of catalytic activity, 

substrate specificity, and/or localization of these enzymes within chromatin. 

1.4.1 Interactions of LSD1 with CoREST and CoREST-like Proteins in 
Heteromeric Complexes 

CoREST is one of the earliest identified interaction partners of LSD1 and this 

protein complex assembly (i.e. LSD1/CoREST complex) is frequently found within 

several distinct, larger multi-protein complexes.22,23,109,182-184 Most likely due to this early 

association, the structural and functional characterization of this particular interaction 

far outstrips that available for any other LSD1 interaction. CoREST consists of an N-

terminal ELM2 domain followed by dual SANT domains (SANT1 and SANT2) with an 

intervening region colloquially known as the linker domain (Figure 7f). The N-terminal 

region spanning the ELM2 domain and first SANT domain have been mapped as a 

binding region for HDAC1,22 and a crystal structure of HDAC1 bound to a similar 

ELM2/SANT region in the CoREST-related protein, MTA1, has recently been reported.185 

Furthermore, Shi and colleagues first mapped the interaction of LSD1 to the CoREST 

linker domain,109 indicating that CoREST likely acts as a scaffolding protein that joins 

deactylase and demethylase activity into a single catalytic sub-complex. The CoREST 
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SANT2 domain, and possibly the SANT1 domain, has been shown to facilitate 

demethylation of nucleosomes, presumably by acting as a bridge between LSD1 and its 

substrate.33,109,183 A similar mechanism is observed in the SMRT protein, where the C-

terminal SANT2 domain stabilizes the protein complex on chromatin by interacting with 

histone tails.186 As a point of further clarification, Yang and coworkers highlighted the 

similarity between the SANT2 domains of CoREST and the viral DNA-binding protein 

v-Myb, and demonstrated that an isolated CoREST SANT2 domain binds directly to 

DNA with modest affinity (Kd = 84 µM).33 

Seeking more detailed molecular characterization, Yang and colleagues reported 

the first crystal structure of LSD1 in complex with the linker and SANT2 domains of 

CoREST in 2006 (Figure 7a).33 In this model, the CoREST linker domain forms an L-

shaped helical conformation, with the short helix contacting the base of the LSD1 tower 

domain, the longer helix extending up the TαB helix, and the SANT2 domain contacting 

the top turn of the tower (Figure 7a, insert). These interactions are mainly hydrophobic 

in nature, although a few electrostatic interactions may facilitate proper alignment of the 

CoREST linker with the LSD1 tower domain.33,47 A second crystal structure of LSD1 and 

CoREST with a histone substrate-like peptide bound (pK4M) showed little overall 

conformational change as compared to the non-peptide-bound structure.35  However, 

the model does illustrate that the L-shaped short arm formed by the CoREST linker may 
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have an indirect effect on substrate binding by stabilizing the helix formed from LSD1 

residues 372-395.  

As noted above, although the CoREST SANT2 domain contacts the LSD1 tower 

in reported crystal structures,33,35 McCafferty and coworkers have demonstrated that the 

CoREST linker domain is chiefly responsible for high affinity binding with LSD1.47 

Specifically, a CoREST fragment consisting of the linker domain (residues 293-380) 

exhibits low nanomolar binding affinity towards LSD1 (Kd = 7.78 nM), while inclusion of 

the SANT2 domain does not substantially alter binding affinity and in isolation lacks 

significant affinity towards LSD1.47 Our group also used mutagenesis and isothermal 

titration calorimetry to reveal that the energy of binding along the CoREST/LSD1 helix-

helix interface is not concentrated into ‘hotspots,’ but is instead distributed almost 

uniformly along the interaction interface.187 As CoREST is required for nucleosomal 

demethylation,109,183 this argues that inhibitors of the CoREST linker/LSD1 tower 

interaction may inhibit LSD1 functionality in the cell.  

In addition, MD studies by Baron and colleagues have suggested that the 

LSD1/CoREST interaction may be dynamic. Specifically, their simulations indicate that 

the LSD1 SWIRM and CoREST SANT2 domains oscillate in distance and rotational angle 

in relation to each other, and that substrate binding allosterically rigidifies this 

fluctuation, favoring an ‘open’ state.188-190 They further suggest that blocking these ‘hinge 
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sites’ may prevent LSD1/CoREST association with chromatin or other protein partners 

and therefore provide another potential strategy for modulating LSD1 function.191  

In addition to the regulatory mechanisms enforced on LSD1 by CoREST, two 

CoREST paralogs, CoREST2 (RCOR2, 523 aa) and CoREST3 (RCOR3, four isoforms of 

436, 449, 495, and 553 aa), have recently been revealed as further governors of LSD1 

activity.192,193 These paralogs share a similar domain organization, including conserved 

ELM2 and dual SANT domains. Not surprisingly, CoREST2 and CoREST3 both interact 

with LSD1 and are capable of incorporation into larger protein complexes.192,193 Similarly, 

the crystal structure of LSD1 bound to the linker-SANT2 domain of CoREST3 (residues 

273-405; PDB 4CZZ) exhibited a nearly identical conformation as the LSD1/CoREST 

(residues 308-440) complex (PDB 2V1D).192 However, CoREST2 displays a reduced 

ability to facilitate LSD1 nucleosomal demethylation193 and transcriptional repression as 

compared to CoREST.192 This weakening of repressive activity is attributed to residue 

L165 in the CoREST2 SANT1 domain, which diminishes its affinity for HDACs 1 and 

2.192 However, CoREST3 plays an even more antagonistic role, as it competitively 

inhibits LSD1 nucleosomal demethylation. A CoREST3 chimera with the SANT2 domain 

replaced by the corresponding domain in CoREST reverses this phenotype and 

reinstates LSD1 nucleosomal demethylation.193 Collectively, these studies clearly indicate 

that CoREST and its paralogs play important roles in a subset of LSD1-dependent 

transcriptional regulatory events by acting as a scaffold for the assembly and 
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recruitment of deacetylase/demethylase-containing complexes, and by serving as a 

bridge to link epigenetic enzymes to nucleosomal substrates. 

 

Figure 7: LSD1 Complexes that Utilize CoREST and CoREST-like Interactions. 
(a) Ribbon representation of LSD1 (blue) in complex with the linker (orange) and SANT2 

(yellow) domains of CoREST (PDB 2IW5). Insert highlights the regions of contact 
between CoREST and the LSD1 Tower domain. (b) CoREST recruits a LSD1 complex to 
suppress neuronal genes through its interaction with REST, which also recruits the Sin3 
complex. (c) The CoREST core complex is recruited by a direct interaction between TLX 
and LSD1. This complex forms a negative feed-back loop with the microRNA miR-137. 
(d) The transcription factor TAL1 recruits the CoREST complex, and potentially other 

coregulators, to repress gene transcription as an effector of hematopoietic differentiation. 
(e) The CtBP proteins associate with DNA-binding proteins for genomic localization and 
recruit chromatin remodelers, including LSD1, to regulate the EMT. (f) Domain maps of 
CoREST and MTA1 are representative of their respective isoforms and show a similar 
ELM2/SANT domain organization. (g) LSD1 is recruited by its Tower domain to the 

MTA subunit of the NuRD complex, and in this context suppresses the EMT in breast 
cancer. Figure reproduced from Link et al.45 
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1.4.1.1 REST Complex 

RE1-silencing transcription factor (REST) is a supervisor of cell fate decisions 

during neuronal differentiation, and functions as a transcription repressor that localizes 

to RE1 motifs in the promoters of neuron-specific genes (Figure 7b).194 In multipotent 

progenitor cells, these genes are held in a ‘primed-repressed' state, in which REST 

recruits corepressor complexes mSin3195 and CoREST196-198 to its N- and C-terminal 

repressor domains, respectively, while simultaneously maintaining an activating 

chromatin environment and basal-level gene transcription.199 Upon differentiation into a 

neuron cell, REST is largely degraded to activate a neuronal expression program, 

although the CoREST complex sustains a role in tempering the expression of certain 

genes.199 Alternately, upon differentiation into a non-neuronal cell type, the 

REST/mSin3/CoREST repressor machinery persists on RE1-containing promoters and 

adjusts chromatin in the vicinity of neuron-specific genes to a repressive state.199 

Specifically, H3K4 demethylation is executed by LSD1,27 and H3K9 methylation is likely 

mediated by the histone methyltransferases (HMTs) G9a and EHMT1, which are 

bridged to REST by the corepressor protein CDYL.200 The HMTs SUV39H1 and SETDB1 

have also been linked to the CoREST complex and may play a role in H3K9 

methylation.198,201 Increased CpG methylation (mCpG) in RE1 motifs has also been 

observed in differentiated cells compared to embryonic stem cells,199 although the DNA 

methyltransferase responsible has not yet been identified. 



 

36 

The H3K4 and H3K9 methylation status within chromatin encompassing 

repressed neuron-specific genes further recruits additional corepressors. For example, 

demethylated H3K4 is bound by PHF21A (BHC80), which stabilizes LSD1 on chromatin 

and enhances repression.202,203 However, PHF21A exists as multiple isoforms,204 is 

expressed tissue-specifically,182 and has been reported to paradoxically inhibit LSD1 

activity109 and REST-mediated repression,205 indicating that its activity may be context-

specific. Similarly, REST-associated G9a recruits CBX3 (HP1) to methylated H3K9me2 

residues,206 where it is known to bind through its chromodomain and maintain a 

heterochromatic state.207 In another example, the mCpG-binding protein MeCP2 is also 

recruited to the larger corepressor complex for stable gene silencing,198 although it also 

appears to play a role in transient gene repression between neuron depolarization 

events.199  

Other accessory proteins that may not directly interact with chromatin are also 

recruited to regulate gene repression.109,182 For example, REST repression is reportedly 

dependent upon sumoylation of HMG20B (BRAF35)208 and its recruitment to the 

CoREST complex.109,182 Previous studies have suggested that sumoylated regulators may 

bind the CoREST/LSD1 interaction surface,209 although it is unclear if this is the case for 

HMG20B. In contrast, the repressive activity of the REST complex is antagonized by 

HMG20A (iBRAF), which forms a heterodimer with HMG20B to prevent its sumoylation 

and incorporation into the CoREST complex.208 In fact, HMG20A is a critical regulator of 
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neuronal differentiation that promotes neuron-specific gene expression by recruitment 

of the H3K4 HMT, MLL.210 

1.4.1.2 TLX Orphan Nuclear Receptor Complex 

LSD1 also regulates neuronal processes through its interaction with the orphan 

nuclear hormone receptor TLX (NR2E1). In line with LSD1’s role in neuronal 

differentiation, TLX maintains the proliferative and self-renewal properties of adult 

neural stem cells and regulates neurogenesis.211 Yokoyama and coworkers first reported 

that TLX interacts directly with the AOD and SWIRM domains of LSD1 and further 

demonstrated that TLX recruits the core CoREST/LSD1/HDAC1 complex (Figure 7c).212 

Additionally, recruitment of the complex occurs in a LSD1-dependent manner for H3K4 

demethylation, H3 deacetylation, and downstream target gene repression. A subsequent 

report revealed that HDAC5 also associates with this complex.114 Interestingly, 

immunoprecipitation of TLX also coprecipitates several other proteins, including 

ZMYM3 and two that are also found in the SNAI1 complex (see below),170 namely GSE1 

and ZMYM2.212 Despite these results, it is currently unclear whether any crosstalk exists 

between these complexes.  

Within these complexes, Sun and coworkers also reported that the TLX/LSD1 

ensemble regulates neural stem cell proliferation.114 Specifically, the microRNA, miR-

137, antagonizes this proliferative activity and encourages differentiation by 

downregulating LSD1. On the other hand, while in complex with LSD1, TLX represses 
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miR-137 expression. This feedback regulation likely contributes to timely neuronal 

differentiation events in which LSD1 is intimately involved.213 

1.4.1.3 TAL1 Complex 

TAL1 is a transcription factor that is involved in normal hematopoieisis and 

leukemogenesis and can act as both a transcriptional activator and repressor, depending 

upon the genomic context and stage of cellular differentiation.214 Specifically, TAL1 

promotes transcription of erythroid-specific genes through association with p300 and 

PCAF,215,216 but can also associate with the mSin3A and ETO2 complexes to induce gene 

repression.217-221 LSD1 is recruited by TAL1 along with the core CoREST/HDAC complex 

to repress erythroid-specific genes in progenitor cells prior to differentiation (Figure 7d), 

but is dismissed from TAL1 promoters during the early stages of differentiation.222 The 

PTM of TAL1 may regulate this gene activation, as phosphorylation of S172 by protein 

kinase A (PKA) abolishes TAL1 interaction with LSD1 and results in recruitment of the 

H3K4 HMT, hSET1, activation of target genes, and initiation of erythroid 

differentiation.223 It is currently unclear if the LSD1/CoREST core complex cooperates 

with any of the other known TAL1-interacting corepressor complexes to stimulate gene 

repression. 

1.4.1.4 CtBP Complex 

C-terminal binding proteins (CtBPs) are implicated widely as repressors of 

mammalian gene expression, and likely function in these varied contexts by recruiting 
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different subsets of corepressors.224,225 LSD1 was first coprecipitated with the CtBP 

complex prior to discovery of its demethylase activity184 and has since been associated 

with several CtBP functions, including pituitary gland development,226 suppression of 

the tumor suppressor BRCA1,227 and activation of tissue-specific genes in 

gastrointestinal endocrine cells.228 However, the best-established role of LSD1 in the 

CtBP complex is its control of the EMT through suppression of the epithelial gene E-

cadherin.184,229,230  

On the molecular level, CtBPs interact with coregulators (Figure 7e) mainly 

through two interaction domains: a hydrophobic pocket that canonically binds proteins 

containing a Pro-X-Asp-Leu-Ser (PXDLS) sequence motif and a structurally distinct 

surface crevice that binds an Arg-Arg-Thr (RRT) motif.231 Additionally, CtBP proteins 

form extensive scaffolds by dimerization in a manner that positions the PXDLS binding 

pockets at opposite ends of the dimer, and in such a manner that the PXDLS pocket of 

one CtBP protein is in relatively close proximity to the RRT binding crevice of the 

second CtBP molecule.231 Initial studies indicated that the PXDLS-binding region 

mediates CtBP genomic localization by associating with DNA-binding transcription 

factors containing PXDLS motifs.232 However, later studies revealed that this site also 

recruits accessory proteins with histone-modification activity.233 For example, 

deacetylase activity is recruited by PXDLS motifs in class II HDACs234 and possibly by 

class I HDACs bridged through other PXDLS-containing corepressor proteins, such as 
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NRIP140 and LCoR.235,236 Similarly, PXDLS-like motifs in Wiz recruit the HMTs G9a and 

EHMT1,237 and possibly CDYL and HDAC1/2 to the CtBP complex.233,238 Several other 

proteins co-precipitate with CtBP, although not all have well-defined functions.184 

Interestingly, direct binding of CtBP1 to CoREST and HDAC2, respectively, has 

been reported despite the lack of PXDLS motifs in these proteins, and seem to bridge 

LSD1 to the complex.233 However, LSD1 recruitment to the CtBP complex also appears to 

be mediated by ZNF217,229,233 a large DNA-binding zinc finger protein that spans the 

CtBP dimer interface to interact with both PXDLS and RRT domains simultaneously.231 

ZNF217 localizes the CtBP complex for transcriptional repression of several disease-

related genes, such as E-cadherin and BRCA1.227,229 Other DNA-binding proteins have 

also been reported to bridge LSD1 to the PXDLS-binding pocket and appear to 

dramatically alter the demethylase’s biological function. For example, recruitment by 

ZEB1 can extend gene repression programs associated with pituitary differentiation,226 

while recruitment by RREB1 can actually promote CtBP/LSD1-mediate gene 

activation.228 Clearly, LSD1 activity within the CtBP complex may have far-reaching 

biological implications that are most likely determined by the presence of specific 

coregulatory subunits. 

1.4.1.5 NuRD Complex 

The nucleosome remodeling and histone deacetylase (NuRD) complex is a large, 

multi-protein complex that has been implicated as a regulator of a wide variety of 
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cellular processes, from human development to the progression of several cancer 

types.239 Since its discovery, the majority of its core protein constituents have been well 

defined: the ATP-dependent chromatin remodelers Mi-2 α/β (CHD3/4), histone 

deacetylases HDAC1/2, methyl-CpG-binding proteins MDB2/3, retinoblastoma-binding 

proteins RBBP4/7, corepressors GATAD2A/B (p66α/β), and metastasis-associated 

proteins MTA1/2/3 (Figure 7g).240 

Interestingly, the MTA proteins share striking similarities with the CoREST 

proteins. Specifically, the MTA isoforms possess, from N- to C-termini, BAH, ELM2, 

SANT and GATA-like zinc finger domains (Figure 7f).240 As previously mentioned, the 

ELM2 and SANT domains serve to recruit HDACs 1 and 2,22,185 presumably in similar 

fashion to CoREST. Wang and coworkers first established that the MTA2 protein, like 

CoREST, is sufficient to stimulate LSD1 demethylation of nucleosome substrates and 

mapped an interaction interface involving the LSD1 tower domain and MTA1/2/3 SANT 

domains.152 The authors further demonstrated that this interaction recruits H3K4 

demethylase activity to the NuRD complex for enhanced gene repression, and that LSD1 

association with each MTA isoform corresponds to a unique transcriptional outcome. 

Functionally, the authors linked LSD1 in the NuRD complex to silencing of the 

TGFβ signaling pathway and repression of the EMT and metastatic potential in a breast 

cancer cell line. Since this initial study, LSD1 has been associated as a corepressor of the 

NuRD complex in a subset of its biological functions, such as lipid homeostasis,241 
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aberrant gene repression in Ewing sarcoma,242 and enhancer decommissioning during 

embryonic stem cell differentiation.103 It is, however, noteworthy that a recent mass 

spectrometry-proteomics coupled study did not identify LSD1 as a stable component of 

the NuRD complex in HeLa cell extracts, indicating that it likely interacts in a context-

specific manner.243 

While the MTA proteins resemble CoREST in their ability to recruit 

HDAC/LSD1, several domains unique to MTA suggest a unique functionality, possibly 

through altered interactions with chromatin or coregulatory proteins. In fact, the 

LSD1/NuRD complex has been shown to also associate with the α-KG dependent 

histone demethylase KDM5B.244 In this context, KDM5B and LSD1 cooperate to 

sequentially demethylate H3K4 and repress the metastasis and angiogenesis-associated 

CCL14 chemokine pathway. However, it remains unclear if KDM5B recruitment is 

dependent upon a specific MTA isoform. A recent report from Nair and colleagues 

suggests a regulatory role of LSD1 in NuRD activity.245 The authors show that G9a 

methylation of MTA K532 is required for its incorporation into the repressive NuRD 

complex, while LSD1-mediated demethylation of the same residue triggers its 

dissociation from the NuRD complex and recruitment to the coactivator complex, 

NURF. Although these studies provide much needed insight into the function of LSD1 

within the NuRD complex, further investigation into the demethylase activity of LSD1 

within the heteromeric complex is needed. 
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1.4.2 LSD1 Cooption During Herpes Simplex Virus Infection 

Cooption of host LSD1 activity plays a role in infection and latency of herpes 

simplex virus (HSV) and has recently been reviewed.95,176 Briefly, HSV establishes an 

active infection at the portal of entry (typically a mucosal membrane), where the host 

cell initially silences the inserted viral genome. Through a series of coordinated 

derepression events, viral immediate-early (IE) stage (α) genes are first transcribed and 

eventually give rise to transcription of late-stage (β and γ) genes. Although the primary 

infection produces massive viral titers that are destructive toward the host tissue, the 

virus also establishes a latent infection in neuronal cells, in which viral genes are present 

but silenced. This state is non-destructive to the host cell and allows for periodic 

reemergence of the virus through poorly understood mechanisms. 

The HSV genome is parsimonious, lacking much of the cellular machinery 

required for transcription and regulation of viral genes. The virus instead appropriates 

host cell transcriptional regulators, including LSD1, to establish active and latent 

infections. Gu and coworkers first associated the REST/CoREST/HDAC repressor 

complex,246 and later LSD1, with HSV infection (Figure 8).247 Consistently, Pinnoji and 

colleagues identified REST-binding RE1 motifs in the viral genome, suggesting a 

potential mechanism for cooption of the complex.248 Indeed, REST appears to aid in 

repression of viral genes during latent infection, as genomic insertion of a REST mutant 

incapable of binding corepressor proteins produces a more virulent strain compared to 
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wild-type REST.249 Similarly, HDAC inhibitors reactivate silenced viral gene expression, 

while REST antagonizes reactivation.250 

LSD1 also plays a role in viral gene activation. In order to induce transcription, 

the viral protein VP16 recruits host proteins HCF1 and OCT1 to target gene 

promoters.251 Liang and coworkers report that HCF1 recruits LSD1 and HMTs, SET1 and 

MLL1, for H3K9 demethylation and H3K4 methylation, respectively (Figure 8).177 

Accordingly, the authors also report that inhibition of LSD1 prevents activation of viral 

genes and viral reemergence from latency.177-179 Interestingly, the JMJD2 family H3K9 

HDMs work synergistically with LSD1 to activate α viral genes and inhibition similarly 

prevents viral activation and emergence from latency.252,253 Additionally, the histone 

acetyl transferase, CLOCK, also appears to promote viral gene expression and may 

interact with HCF1 through the transcription factor BMAL1.254 The dihydro-pyrido-

indole natural product Harmaline reportedly represses α gene activation, possibly by 

disrupting this viral-host hybrid protein complex.255 Gu and coworkers have also 

suggested that the viral α protein ICP0 interacts with CoREST and may compete 

HDAC1 away from the REST/CoREST complex to initiate the switch to β/γ genes.246,256 

However, the idea that CoREST plays a role in viral gene repression has been thrown 

into question by a study that showed no change in virulence when CoREST is knocked-

down in an ICP0-deficient HSV strain.257 Given that LSD1 is a promising target for 

preventing primary HSV infections and suppressing emergence from latency, it is likely 
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that future work will shed light on such discrepancies and further detail LSD1’s 

mechanistic role. 

 

Figure 8: LSD1 Involvement in Herpes Simplex Virus (HSV) Infection and 
Latency. LSD1, along with other host cell epigenetic machinery, is coopted by HSV for 

viral gene activation. LSD1 and the CoREST/REST/HDAC complex may also participate 
in viral gene repression, where LSD1 may demethylate H3K4 residues. Figure 

reproduced from Link et al.45 

1.4.3 LSD1 in Nuclear Hormone Signaling 

1.4.3.1 Androgen Receptor (AR) Complexes 

The AR is a nuclear hormone receptor that is intimately linked to prostate 

function, regulating processes ranging from normal tissue development to the genesis 

and progression of prostate cancers, including castration-resistant tumors.258 Metzger 

and colleagues first reported LSD1 association with AR, suggesting that a large portion 

of the two proteins are involved in their mutual interaction and that the demethylase 

facilitates hormone-dependent AR-mediated transcription by demethylating H3K9 

residues.67 Subsequent studies demonstrated that the Jumonji-domain demethylase, 

KDM4C, also interacts with LSD1/AR and works in concert with LSD1 to demethylate 
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H3K9me3 residues.68 Concurrently, hybrid inhibitors that simultaneously target both 

LSD1 and KDM4C exhibit anti-proliferative effects in prostate cancer cells.162 Although 

LSD1 canonically demethylates H3K4 residues, Metzger and colleagues proposed a 

mechanism for the observed switch in substrate specificity by which protein kinase Cβ1 

(PKCβ1) associates with AR/LSD1 at target genes following hormone treatment and 

phosphorylates H3T6, a modification that prevents LSD1 demethylation of H3K4 on 

peptide substrates (Figure 9a).69  

LSD1 may also play a role in repression of AR target genes. Unlike AR, LSD1 

resides on AR target gene promoters even in the absence of androgen treatment, when 

these gene are presumably repressed.67,68 Furthermore, the LSD1/AR complex forms a 

negative feedback loop at high androgen levels, in which AR recruits LSD1 to an 

enhancer of the AR gene and mediates gene repression by demethylation of H3K4 

(Figure 9a).259 Although the role of LSD1 as a coregulator of AR signaling is fairly well 

established, further work will hopefully better delineate its opposing roles as both an 

activator and repressor. 

1.4.3.2 Estrogen Receptor Alpha (ERα) Complexes 

Paralleling the function of the AR, the ERα is the main modulator of estrogen 

(E2) signaling in estrogen-responsive tissues. As such, its dysregulation results in the 

development and progression of several cancer types.260 Recently, much attention has 

focused on the epigenetic mechanisms that accompany ERα signaling.261 As observed for 
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LSD1 participation in AR signaling, the demethylase seems to function as both an 

activator and repressor of ERα signaling. Perillo and coworkers reported that in a 

‘resting state’ with no hormone stimulation, LSD1 is constitutively bound to ERα target 

gene promoters and demethylates H3K4.262 However, E2 addition causes the recruitment 

of ERα to these promoters and LSD1-dependent gene activation, most likely by 

catalyzing the demethylation of inhibitory H3K9 methyl marks.262,263 HMTs such as SET9 

and SUV39H1 may also participate in E2-stimulated gene activation by methylating 

H3K4 (Figure 9b).262 

The molecular mechanisms governing the activating and repressive roles of 

LSD1 are beginning to be described. For example, PELP1, an ERα coregulator with no 

known enzymatic activity, can interact directly with LSD1, localizes on known 

LSD1/ERα-bound genes, and aids in gene activation.264 When associated with LSD1/ERα, 

the histone binding preference of PELP1 switches from H3K9me2 to H3K4me2, 

presumably to allow the subsequent demethylation of H3K9me2 by LSD1 (Figure 9b).264 

Interestingly, a recent report suggests that targeting this LSD1/PELP1 activity may be of 

therapeutic benefit in breast cancer.154 LSD1 may also demethylate ERα to promote 

transcriptional activation, although further validation of this activity is required.265 More 

indirectly, LSD1 demethylation events and the accompanying production hydrogen 

peroxide byproducts also reportedly induces controlled DNA damage that attracts 

chromatin remodelers to enhance chromatin plasticity and promote target gene 
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transcription.262 In opposition to PELP1-mediated activation, LSD1 also interacts with 

the ERα corepressor CAC1, which binds LSD1/ERα, reduces occupancy of the complex 

on target genes, allows H3K9me2 accumulation, and represses gene transcription 

(Figure 9b).266 Additionally, retinoic acid may interfere with the LSD1-mediated E2 

response, as it appears to prevent activation of protein kinase A (PKA) and prohibits 

H3K9 demethylation, although the mechanism is not yet clear.267   

In addition to these roles in ERα signaling, LSD1 may also perform ERα-

independent functions in breast cancer. For example, inhibition of the demethylase 

resensitizes hormone-refractory breast cancer cells to anti-estrogen treatment.154 In ERα-

negative breast cancer, an interplay between LSD1 and HDACs is apparently necessary 

for tumor progression, as both affect the activity of the other towards histone substrates 

and simultaneous administration of LSD1 and HDAC inhibitors synergistically inhibits 

proliferation.155,156 Also, overexpression of the ERα corepressor, CAC1, induces 

sensitivity to paclitaxel in ERα-positive, paclitaxel-resistant breast cancer cells.266 These 

studies collectively imply that LSD1 functions in a wide range of ERα activities, and is 

additionally involved in various resistance mechanisms. 
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Figure 9: LSD1 and an Effector of Gene Activation and Repression with 
Nuclear Hormone Receptors. (a) LSD1 promotes AR gene activation following hormone 
stimulation at androgen-responsive gene promoters. At high hormone levels, LSD1, and 
potentially other corepressors, repress AR transcription by demethylating H3K4 
residues in the corresponding enhancer region. (b) LSD1 and PELP1 are recruited to 
ERα-occupied promoters. PELP1 reads H3K4me2 marks, and may position LSD1 for 
H3K9 demethylation. Association of CAC1 with this ERα/LSD1 complex causes 
dissociation from the promoter, accumulation of H3K9me2 marks, and gene repression. 
Figure reproduced from Link et al.45 

1.4.4 SNAG Family Proteins Interact with LSD1 Using Product 
Mimicry 

The SNAG family of proteins encompasses over 70 different members 

characterized by a conserved SNAG domain and between four to six C2H2 zinc finger 

domains.268 Zinc finger domains are generally located near the C-terminal regions of 

SNAG proteins and function as DNA-recognition domains that frequently localize to E-

box sequences (CANNTG), although recruitment of individual proteins is likely tailored 
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by minor variations in zinc fingers domains and DNA sequences.268 In all but one known 

example, SNAG domains begin at the most N-terminal residue and are composed of a 

conserved ‘PRSFLV’ sequence, where only the fourth residue is variable (Figure 10a).268 

Proteins in the SNAG family of transcription factors have been reported to regulate 

LSD1 activity through product-like interactions, in which the SNAG domain mimics the 

histone H3 N-terminal tail sequence and binds competitively to the LSD1 active site. 

Lin and colleagues first identified an interaction between the SNAG domain of 

SNAI1 and the AOD of LSD1 and demonstrated that it could be disrupted with small 

molecule inhibitors.174 Soon after, they showed that SNAI1 recruits LSD1 to target 

promoters where demethylation of H3K4 is required for gene repression.167 Following 

this discovery, Baron and colleagues determined the crystal structure of LSD1 and 

CoREST in complex with the 20 N-terminal residues of SNAI1 encompassing the SNAG 

domain, revealing density for the first nine residues (Figure 10b).41 In this report, the 

authors indicate that the SNAG domain mimics histone H3 through several conserved, 

positively charged residues and binds in the active site of LSD1, resulting in competitive 

inhibition. Similar to the H3 tail, the first three SNAI1 residues form hydrogen-bonds 

deep in the active site, while Phe4 (F4), corresponding to Lys4 on H3 (H3K4), forms 

edge-to-face interactions with the flavin cofactor and LSD1 residue Y761. On the outer 

rim of the active site, Arg7 and Lys8 (R7 and K8) of SNAI1 seem to occupy the same 

positions as Arg8 and Lys9 of H3 (H3R8 and H3K9), respectively. Although direct 
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evidence has not yet been provided, LSD1 presumably interacts with other SNAG 

proteins, including SNAI2, Gfi1, and Gfi1b, in a similar manner. In fact, treatment with 

either the LSD1 inhibitor tranylcypromine (1) or a cell-permeable SNAG peptide 

phenocopies down-regulation of either LSD1 or SNAI2 in decreasing the EMT.269 

However, these studies raise an interesting question: if the SNAG domain is 

inhibitory toward LSD1, how does it recruit the enzyme for demethylation of its target 

genes? One possible scenario is that the SNAG domain recruits LSD1, but then 

relinquishes its hold in order to transfer binding to the H3 tail. In a recent study by 

Tortorici and colleagues, the first six residues of the SNAI1 SNAG domain were found 

to be sufficient for LSD1 binding, while residues 10-20 increased affinity only marginally 

and decreased ligand efficiency.42 On the other hand, the corresponding residues of H3 

form multiple interactions with LSD1,35 and hence may allow H3 to displace the SNAG 

domain. 
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Figure 10: SNAG Family Proteins Recruit LSD1 Using Molecular Mimicry. (a) 
Alignment of the H3 tail with the first 8 residues of the SNAI1/2 and Gfi1/1b SNAG 
domains shows striking similarity, with conserved residues highlighted in red and 
chemically similar residues boxed in blue. (b) Ribbon representation of the ternary 
complex formed by LSD1 (blue), CoREST (orange/yellow), and SNAG (green; PDB 

2Y48). The insert shows an enlarged view of the SNAG peptide in the LSD1 active site 
with numbered resiudes starting with the N-terminal proline. (c) SNAI1 recruits the 
CoREST core complex and other proteins through its SNAG domain to regulate the 

EMT. SFMBT1 may also help localize the complex by binding H3K4me2/3. (d) Gfi1 and 
Gfi1b also recruit the CoREST core complex and cooperate with histone 

methyltransferases to regulate hematopoietic processes. Figure reproduced from Link et 
al.45 
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1.4.4.1 SNAI1/2 Complexes 

SNAI1 (Snail, Snail1) and SNAI2 (Slug) are master regulators of the EMT and 

bind to E-box motifs in the promoters of epithelial genes, such as E-cadherin, to repress 

transcription and provoke an invasive, mesenchymal phenotype.168,270 LSD1 recruitment 

to target genes and demethylation of H3K4me2 is required for SNAI1-mediated gene 

repression.167 As discussed above, the SNAI1/2 SNAG domains recruit LSD1 via its 

active site.41,174 As such, small molecule inhibitors or isolated SNAG domain peptides can 

displace SNAI1, derepress target genes, and decrease invasiveness and motility in colon 

and neuroblastoma cancer cell lines without affecting proliferation.174,269 Interestingly, 

the chemotherapeutic drug doxorubicin has the opposite effect, enhancing the 

interaction between SNAI1 and LSD1 by inducing poly(ADP-ribosyl)ation of SNAI1.271 

The authors further suggest that this increased interaction causes repression of the 

tumor-supressor gene, PTEN, and may facilitate drug-resistance in cancer. 

SNAI1 also coprecipitates the core LSD1/CoREST/HDAC complex, as well as 

several auxiliary proteins such as HMG20A/B and PHF21A, which are associated with 

the REST complex, and CtBP, GSE1, and several zinc finger proteins, which are 

associated with the CtBP complex.170,174 It is currently unclear if SNAI1 recruits these 

larger LSD1-containing complexes to further regulate gene expression. Recent studies 

have also identified the chromatin ‘reader’ SFMBT1, previously identified with the 

CoREST complex and other repressive complexes,272,273 as a member of the SNAI1/LSD1 
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complex. SFMBT1 binds directly to the CoREST linker region and mediates recruitment 

of LSD1 to SNAI1, gene repression, and induction of the EMT.170 Additionally, it 

recognizes H3K4me2/3 marks,170 and therefore may help to target the complex to active 

genes for subsequent repression (Figure 10c). 

1.4.4.2 Gfi1/1b Complexes 

Gfi1 and Gfi1b are SNAG-containing transcription factors that are critical for 

hematopoiesis. While Gfi1 regulates the differentiation programs of hematopoietic stem 

cells, small lymphocytes (B and T cells), dendritic cells, granulocytes and macrophages, 

Gfi1b is involved in the development of megakaryocytes and erythrocytes.274 As might 

be expected, both proteins are also involved in hematopoietic-derived cancers, although 

their roles as promoters or repressors of cancer progression seem to vary significantly 

depending upon tissue origin.275-280 

As with the SNAI1 and 2 proteins, Gfi1 and Gfi1b recruit the core 

LSD1/CoREST/HDAC complex via their SNAG domains,117 presumably by binding the 

LSD1 active site. Furthermore, Gfi1b recruits LSD1 in this manner to the majority of its 

target genes for demethylation of H3K4me2 residues and transcriptional repression.117 

However, paralleling the tissue-dependent roles of Gfi1/1b, LSD1 differentially affects 

proliferation depending on the hematopoietic cell type and differentiation status.117 For 

example, splice variant Gfi1b p32, is required for erythroid differentiation and recruits 

the CoREST/LSD1 complex more efficiently than the major Gfi1b isoform when 
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dimethylated on Lys8 (K8) in its SNAG domain.281 Similarly, the three CoREST isoforms 

all interact with Gfi1b but have varying effects on its activity (see above).193 Gfi1b has 

also been associated with the H3K9 HMTs SUV29H1 and G9a,282 although these proteins 

have not been explicitly shown to co-localize with Gfi1b/CoREST (Figure 10d). 

1.4.5 LSD1 Association with Long, Non-Coding RNAs 

A new class of interactions has recently been identified between LSD1 and long 

noncoding RNAs (lncRNAs).283-285 Non-protein coding RNA transcripts greater than 200 

nucleotides are differentially expressed in a number of human cancers, and can regulate 

transcription by acting as scaffolds for chromatin modifying complexes.286-290 

The HOTAIR transcript, which is dramatically overexpressed in several cancers291-294 and 

can be induced by estradiol,295 recruits the PRC2 and LSD1/CoREST/REST complexes for 

downregulation of tumor suppressor genes at the HOXD locus.296,297 Binding interactions 

for EZH2 and LSD1 were observed at the 5’- and 3’-terminal domains of HOTAIR, 

respectively, and HOTAIR expression was required for co-immunoprecipitation and 

genomic co-localization of PRC2 protein complex and LSD1 (Figure 11a).283 These 

interactions and the corresponding changes in histone methylation states were also 

observed in vivo.297 The HOTAIR/PRC2/LSD1 complex has also been implicated as a 

positive regulator of NFAT5, a transcription factor associated with enhanced metastasis 

and angiogenesis in breast cancer.298 In contrast, glioblastoma cell cycle progression 

appears to be dependent upon HOTAIR and PRC2 but not LSD1, implying these 
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corepressors may play specific, non-interdependent roles in conjunction 

with HOTAIR.299 More extensive reviews of HOTAIR and its role in cancer have recently 

been published.300,301 

In 2013, a second breast cancer-associated lncRNA, SRA (steroid receptor RNA 

activator), was reported to associate with LSD1-containing repressive complexes, though 

in this case the interaction was mediated by progesterone receptor (PR).284,302 Most 

recently, Porro and colleagues have demonstrated an interaction between LSD1 and the 

telomeric lncRNA TERRA.285 The authors report that TERRA, which consists of 

UUAGGG repeats and has been implicated in the progressive shortening of telomeres, 

recruits LSD1 to telomeric DNA in the absence of the protective telomere repeat-binding 

factor 2 (TRF2). LSD1 does not seem to affect histone methylation levels in this context, 

but instead promotes the removal of telomere 3’ guanine overhangs by enhancing the 

nuclease activity of MRE11, an enzyme involved in telomere 3’ end processing. Both 

TERRA and MRE11 interact with the SWIRM and N-terminal AOD region of LSD1, but 

do not interact directly themselves. The authors therefore speculate that TERRA 

enhances the affinity of LSD1 for MRE11 and hence promotes telomeric shortening, 

although a direct substrate of LSD1 was not identified (Figure 11b). Given that the 

biological significance of lncRNAs is just beginning to be appreciated, future reports of 

LSD1 interactions with lncRNAs are anticipated. 
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Figure 11: LSD1 Forms Multi-Components Complexes with lncRNAs. (a) The 
lncRNA HOTAIR colocalizes the REST/CoREST/LSD1 and PRC2 complexes within the 
genome for subsequent gene repression. (b) While TRF2 protects telomere ends from 

degradation, loss of TRF2 allows recruitment of LSD1 and the telomeric repeat-
containing lncRNA TERRA to the nuclease MRE11 and promotes telomere end 

processing. Figure reproduced from Link et al.45 

 

1.5 Thesis Objective 

LSD1 is a histone demethylase of great potential therapeutic value. As such, it 

has been the subject of many drug discovery efforts, which have been reported 

elsewhere.45 However, these small molecule targeting strategies share a deficiency in 

that they all result in pan-inhibition of LSD1 throughout its many biological functions. 

As discussed above, LSD1 forms many protein-protein interactions, each of which elicits 

a specific cell response. We sought to take advantages of these interactions for the 

development of more selective LSD1 probes. Here we present the design, development, 

and assessment of a first generation probe of the LSD1 Tower domain.  
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In Chapter 2, a detailed analysis of the LSD1 Tower domain is undertaken and 

we determine that it is a unique structure among demethylases that is conserved across 

many species. Additionally, it mediates critical a protein-protein interaction with the 

coregulator CoREST, which is necessary to facilitate LSD1 demethylastion of 

nucleosomal substrates. By analyzing the available co-crystal structures of the proteins, 

we furthermore suggest that CoREST plays a role in stabilizing the LSD1 Tower domain, 

thus overall protein stability. We present a rationale for the use of the CoREST/LSD1 

interaction as a model for the design of a probe for this interaction. 

In Chapter 3 we describe our efforts to procure a purified form of our designed 

probe from recombinant expression in E. coli. Several iterations of tags and purifications 

strategies were employed to obtain both a native probe, and a version containing tags 

for cell penetration. In Chapter 4 we validate our probed in vitro, demonstrating that 

while it cannot disrupt pre-formed LSD1/CoREST complexes, it can compete for a free 

pool of LSD1. With our cell permeable tag probe we demonstrate its ability to cross cell 

membranes, localize to the nucleus, and interact with LSD1 in cells. 

In Chapter 5 we use our inhibitor in an in vivo model of breast cancer. We 

demonstrate that many currently used LSD1 inhibitors are plagued with off-target 

effects, which have mistakenly led to the implication of LSD1 chemical activity as a 

potential therapeutic target in breast cancer. However, we do demonstrate that while 

LSD1 chemical inhibition has little effect on breast cancer cells, siRNA-mediated 



 

59 

knockdown of LSD1 significantly decreases proliferation. Using our inhibitor in this 

model, we find that we are able to disrupt estrogen signaling selectively among other 

LSD1 functions.  

This work gives more impetus to the already growing field of protein-protein 

interaction inhibitors. We have demonstrated that by targeting a protein interaction 

domain of LSD1, we are able to target a sub-set of its activities. This type of strategy has 

great application for targets of therapeutic values that are difficult to exploit due to off-

target effects.  
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2. Characterization of the LSD1 Tower Domain as a 
Target for Disruption of Protein-Protein Interactions 

The discovery of LSD1 function in 2004 was the first indication that histone 

methylation could be dynamically removed.27 Less than a year later, the importance of 

LSD1 interactions with coregulatory proteins began to unfold as well, with the 

demonstration that certain proteins could stimulate histone demethylation while others 

prohibited it.109 Since then LSD1 has been described as a catalytic subunit of many multi-

component complexes that regulate numerous biological and pathobiological functions. 

Although this presents LSD1 as a target of potential therapeutic value, it also hints that 

such strategies could be plagued with unintended side-effects that arise from pan-

inhibition of its various roles. 

One potential solution is to deviate from traditional small molecule strategies 

that target the active site and instead target the protein-protein interactions (PPIs) of 

LSD1. Despite challenges, PPI inhibition has seen significant growth in recent years with 

the development of molecules capable of targeting diverse interaction surfaces, several 

of which have reached clinical trials.303 Among the many factors that influence the 

success of PPI probe development, Smith and Gestwicki have demonstrated that affinity 

and interaction surface area are critical.304 Interactions classified as “tight and narrow” 

have by far seen the most success, as their binding sites mimic typical enzyme active 

sites and are therefore amenable to current screening technologies.305 However, they also 
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note that inhibitors of weak and wide interactions have also been developed, typically 

via screening methods that account for these particular challenges. Hence PPIs once 

considered intractable for inhibition have become appealing targets, given sufficient 

characterization of the protein interface in question. 

As discussed in this chapter, the Tower domain of LSD1 is a particularly 

attractive target for LSD1 PPI inhibition. It appears to be a unique structure that is 

critical for LSD1 function in vivo. Several Tower domain interactions have been 

described, although the Tower interaction with the scaffolding protein corepressor of the 

RE1-silencing transcription factor (CoREST) is by far the best-characterized to date. 

Reported co-crystal structures of LSD1 and CoREST in complex have provided 

structural insight into the interaction of these proteins. Here we expand upon the 

binding energetics of this complex as well. We foresee that these findings will guide our 

future efforts toward the development of Tower-specific probes. 

2.1 Rationale for Targeting the LSD1 Tower Domain 

The Tower domain of LSD1 takes a peculiar conformation compared to known 

protein crystal structures.  It forms a coiled-coil composed of two anti-parallel alpha-

helices joined by a tight turn that protrudes from and then returns to the AOD, spanning 

approximately 100 Å in the interim (Figure 3 in Chapter 1). These long, interdigitated 

helices are reminiscent of filamentous proteins that contribute to cell structure, and add 

a fibrous quality to the otherwise globular AOD and SWIRM domains. As discussed 
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further here, the Tower domain is an exclusive structure of LSD1 compared to other 

demethylases, well conserved across diverse species, and critically facilitates LSD1 

function in vivo by mediating interactions with coregulatory molecules. These distinctive 

characteristics make the Tower domain an ideal target for inhibition of LSD1 function by 

disrupting its protein-protein interactions. 

2.1.1 The LSD1 Tower Domain is Unique Among Demethylases 

Historically, attempts to inhibit LSD1 have been plagued by unintended off-

target effects on other enzymes containing amine oxidase domains.81 We therefore first 

sought to establish the Tower domain of LSD1 as a unique architecture for probe 

development. To achieve this end, we examined known demethylases for regions of 

similarity to the LSD1 Tower domain (residues 415-515) that could potentially lead to 

off-target effects. 

Within known demethylases, LSD2 is the only paralog of LSD1 and is 

consequently the most closely-related demethylase in sequence and structure. Both 

enzymes contain AOD catalytic domains and SWIRM domains. However, alignment of 

their primary sequences reveals a gap in LSD2 corresponding to the Tower insertion in 

LSD1 (Figure 12a). Furthermore, comparison of crystal structures of the two 

demethylases reveals a conserved structure between the AOD regions (RMSD = 2 Å), but 

a distinct lack of the coiled-coil Tower domain in LSD2 (Figure 12b). Hence, despite 

substantial similarity between LSD1 and LSD2, the Tower is unique to LSD1. 
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Figure 12: The LSD1 Paralog LSD2 Lacks a Tower Domain. (a) Structural 
alignment of LSD1 (cyan, PDB 2IW5) and LSD2 (magenta, PDB 4HSU) reveals conserved 

structural regions between the shared AOD domains, but the absence of a Tower 
domain (tan) in LSD2. (b) Similarly, sequence alignment of the AOD regions of the two 
enzymes reveals a region lacking significant alignment that corresponds to LSD1 Tower 

residues (415-515, tan bar). Within the sequence alignment, conserved residues (red 
highlight) and chemically similar residues (red font) are noted. 

The search for Tower-like domains in iron-dependent demethylases is somewhat 

impeded by a lack of available full-length crystal structures. The majority of available 

structures for this class of demethylases reveal globular domains, with no apparent 

Tower-like domains. To examine the portions of these proteins for which no structure is 

available, the predicted architecture of each was analyzed using the SMART database.306 

Not surprisingly, the LSD1 Tower domain was detected as a coiled-coil, involving 

residues 429-514. Of the remaining demethylases, only those listed in Table 1 were 

predicted to contain coiled-coil regions. All of the predicted coiled-coils were less than 
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half the length of the LSD1 Tower domain  (87 aa in length) except for a region 

highlighted in KDM5A, which spanned 73 aa.  

Table 1: Predicted Coiled-Coil Regions in Demethylases. 

Demethylase Uniprot ID Start (residue #) End (residue #) Length (# aa) 

LSD1 O60341 428 514 87 
KDM2B Q8NHM5 943 971 29 
JMJD1C Q15652 (1) 2011 

(2) 2518 
(1) 2044 
(2) 2540 

(1) 34 
(2) 23 

KDM4A O75164 460 488 29 
KDM5A P29375 1507 1579 73 
KDM5C P41229 965 989 25 
KDM5D Q9BY66 (1) 953 

(2) 1278 
(1) 976 
(2) 1305 

(1) 24 
(2) 28 

 

To further investigate any similarities between the coiled-coil region in KDM5A 

and LSD1, the protein sequence of both were aligned and found to have only a modest 

sequence similarity of 22.58% (Figure 13a). As no crystal structure of these residues in 

KDM5A is currently available, the sequence was instead modeled using the LDS1 Tower 

as a template in SWISS-MODEL.307 The resulting predicted structure (Figure 13b) was 

visualized as a heat map of the QMEAN score for each residue, a descriptor of model 

quality that accounts for local torsion, inter-chain interactions, and residue solvation 

status. Regions of KDM5A that mapped to the coiled-coil region of LSD1 received high 

scores, as expected. However, the critical loop that joins the anti-parallel helices of the 

Tower domain received a low QMEAN in the KDM5A model, indicating that the 

KDM5A sequence is unlikely to adopt this conformation, which is critical for LSD1 
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interaction with coregulatory proteins. It is therefore unlikely that KDM5A or any of the 

other know demethylases contain Tower-like domains. We predict that probes 

developed toward this interface will specifically target LSD1 activity without affecting 

other demethylases. 

 

Figure 13: The KDM5A Predicted Coiled-Coil Aligns Poorly to the LSD1 
Sequence and Structure. (a) Sequence alignment of the LSD1 Tower and predicted 

KDM5A coiled-coil region yields only a 22.59% similarity. (b) A predicted structural 
model generated in SWISS-MODEL is visualized as a heatmap of QMEAN score, a 

descriptor of model fit. Although coiled-coil regions received high scores (blue), the turn 
region received low scores (orange), indicating the KDM5A sequence likely does not 

adopt this conformation.  

2.1.2 The LSD1 Tower Domain is Conserved Across Many Species 

Finding that the Tower domain is unique to LSD1 among demethyalses, we next 

sought to determine its evolutionary conservation. To this end, LSD1 orthologs were 

compiled in the Ensembl database.308 Interestingly, 68 orthologs to the human LSD1 gene 

were found across diverse organisms, ranging from the distantly-related fruit fly (D. 
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melanogaster) to the evolutionarily adjacent chimpanzee (P. troglodytes). The phylogenetic 

relationships of these species are illustrated in Figure 14a.  

To examine how well the Tower domain, is conserved in these orthologs, the 

complete protein sequences of all were aligned. Within the Tower region, a large 

majority of orthologs retained a surprising degree of conservation, with most possessing 

fewer than 5 point mutations compared to the H. sapiens LSD1 protein. Representative 

examples are presented in Figure 14b, with an alignment of the LSD1 Tower domains 

from orthologs found in humans (H. sapiens), zebrafish (D. rerio), chickens (G. gallus), 

chimpanzees (P. troglodytes), rats (R. norvegicus), mice (M. musculus), and dogs (C. 

familiaris). The few species for which there was poor alignment of the Tower domain are 

highlighted in red in Figure 14a. Although the Tower domain is an architecture unique 

to LSD1, its importance for LSD1 function is underscored by its preservation across 

evolutionary time.  
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Figure 14: Phylogenetic Analysis of LSD1 Tower Conservation. (a) LSD1 
orthologs were identified in diverse species. Within most species the Tower domain was 

highly conserved. Species possessing orthologs that deviate substantially from the H. 
sapiens Tower protein sequence (blue) are highlighted in red. (b) A representative 

sequence alignment between the Tower domains of orthologs in humans (H. sapiens), 
zebrafish (D. rerio), chicken (G. gallus), chimpanzees (P. troglodytes), rats (R. norvegicus), 

mice (M. musculus), and dog (C. familiaris). 
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2.1.3 The LSD1 Tower Domain Mediates Critical Protein-Protein 
Interactions Required for Activity 

 The well-conserved sequence, and presumably structure, of the LSD1 Tower 

domain suggests it performs an indispensible function in LSD1 biology. Indeed, early 

studies indicated that deletion of the Tower resulted in a dramatic loss of catalytic 

activity.29,30 Although these results initially suggested that the Tower domain directly 

contributes to enzymatic activity, closer inspection suggests the loss of activity may 

instead be attributed to misfolding. In the primary amino acid sequence, the Tower 

domain interrupts the catalytic AOD, creating two lobes which must assemble properly 

to attain a functional active site conformation. Deletion of the Tower domain or 

replacement with an unstructured spacer likely does not lead to proper folding of the 

AOD, preventing formation of the active site. In fact, we recently engineered an active 

LSD1 Tower deletion mutant (LSD1ΔTower), by replacing the Tower with the sequence 

that spans the AOD lobes in LSD2.309 As our LSD1ΔTower mutant retained catalytic 

activity comparable to wildtype LSD1 (Table 2), we conclude that the Tower is not 

necessary per se for enzymatic activity, but that AOD structure must be appropriately 

preserved in its absence. 

Table 2: Kinetic Parameters of LSD1 and a Tower Deletion Mutant 

Enzyme Km app (µM) kcat app (min-1) kcat app/Km app (µM-1 min-1) 
LSD1 wta 2.60 ± 0.2 5.97 ± 0.78 2.28 ± 0.12 
LSD1ΔTower 3.21 ± 0.16 0.57 ± 0.01 0.18 ± 0.01 
aLSD1 wide type (nΔ150) 
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Despite being expendable in terms of active site catalysis, the LSD1 Tower is 

indispensible for LSD1 function in vivo, as it mediates several critical protein-protein 

interactions in various cellular contexts. For example, the metastasis tumor antigen 

(MTA) proteins recruit LSD1 to the Mi-2/nucleosome remodeling and deacetylase 

(NuRD) complex by binding the Tower domain via their SANT domains for modulation 

of metastatic potential of breast cancer.152 The Tower domain has also been implicated in 

interactions with Blimp-1310 and the androgen receptor (AR)67 to regulate plasma cell 

differentiation and transcriptional events in prostate cancer, respectively. However, 

perhaps most prominent among Tower domain-interacting proteins is the scaffolding 

protein CoREST, which recruits LSD1 and HDAC activity to a wide variety of chromatin 

locations for regulation of a similarly wide variety of functions.45  

These interactions not only facilitate many tissue-specific activities, but are also 

essential for LSD1 demethylation. Although capable of demethylating histone substrates 

in isolation, the enzyme is inactive towards nucleosomal substrates in vitro unless 

supplemented with CoREST.109 Most likely CoREST achieves this enablement by 

bridging LSD1 to chromatin through one or more of its SANT domains,33 as has 

previously been observed for the SANT domain in the nuclear receptor corepressor 2 

protein (NCOR2).311 Although analogous functions have not been rigorously attributed 

to other Tower domain-interacting proteins, it is likely they perform a similar role. We 

hence predicted that disruption of these interactions, without directly affecting LSD1’s 
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ability to perform demethylation chemistry, would nonetheless inhibit its function in the 

cell. 

 

2.2 Preliminary Characterization of the LSD1/CoREST Complex 

Having established the LSD1 Tower domain as a potential target for inhibition, 

we next sought a model system for further characterization of LSD1 Tower domain 

interactions and, eventually, to guide probe development. The clear choice for such a 

model is CoREST. This scaffolding protein was one of the earliest-identified binding 

partners of LSD1 and as such is the best-characterized to date. The protein encircles the 

LSD1 Tower domain, binding largely through traditional helix-helix interactions. Our 

lab has previously determined that CoREST and LSD1 form a tight interaction that is 

dependent upon the presence of the LSD1 Tower domain. We have additionally 

demonstrated that the CoREST Linker region is largely responsible for LSD1 binding 

with little contribution from the SANT2 domain and identified key residues in the 

CoREST sequence that contribute to the binding energy. Due to these preliminary 

studies, we have chosen the LSD1/CoREST interaction as a model from which to base 

our study of LSD1 protein interactions and future probe design. 

2.2.1 Overview of the LSD1/CoREST Interaction 

Owing largely to its early discovery, the interaction between LSD1 and CoREST 

is the best-characterized Tower domain interaction described to date. CoREST consists 
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of an ELM2 domain, followed by two SANT domains joined by a region termed the 

“Linker” (Figure 15a). The ELM2 and SANT1 domains recruit HDACs 1 and 2,22 while 

the Linker region and SANT2 domain bind LSD1.109 In this way, CoREST unites both 

deactylase and demethylase activity into a sub-complex, which has often been found 

together in much larger assemblies.45 The physical proximity of these enzymes, linked 

by the CoREST scaffold, is also accompanied by a chemical dependence. In particular, 

HDAC and LSD1 activity each enhance the other, and inhibition of both via small 

molecule has a synergistic effect.129,155,312 

The interaction between LSD1 and CoREST has further been illustrated by 

several co-crystal structures, all of which contain only a C-terminal fragment of CoREST 

comprised mostly of the Linker and SANT2 domains (Figure 15b). From these structures 

it is apparent that the CoREST Linker region forms an L-shape from two alpha helices, 

with the short coil resting just above the AOD and the longer arm twisting nearly 360° 

around the LSD1 Tower domain to meet the SANT2 domain at the apical end. 

Importantly, neither the SANT1 nor ELM2 domains were included in these 

crystallographic reports. It is therefore possible that additional interaction interfaces 

exist between the two proteins. 

A closer inspection of the binding interface reveals a series of hydrophobic and 

electrostatic interactions (Figure 15c). The largest interface, that of the long Linker helix, 

forms a coiled-coil with TαA of LSD1. As previously discussed, TαA also forms a coiled-
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coil with the other Tower helix TαB. However, coupling of the additional CoREST 

Linker helix does not form a traditional triple-helical bundle, but instead involves TαA 

in two distinct coiled-coils. In both instances, the classical heptad repeat pattern is 

adhered to, packing hydrophobic residues directly between the helices and surrounding 

them with hydrophilic interactions (Figure 15d). Although this interaction follows a 

typical recipe for coiled-coils, it does not follow that perturbations to individual regions 

or interactions would yield predictable results. In fact, mutational analysis of binding 

interfaces often reveals that alteration of some residues may actually enhance affinity 

compared to the wild-type interactions, while alterations of others may 

disproportionately weaken the affinity. It was therefore necessary to examine the 

binding interface of LSD1/CoREST more thoroughly before proceeding with it as a 

model system. 



 

73 

 

Figure 15: Overview of the CoREST/LSD1 Interaction. (a) The scaffolding 
protein CoREST consists of an ELM2 domain (yellow) and two SANT domains (orange) 
spaced by a Linker region (blue). The ELM2 and SANT1 domains recruit HDACs 1/2, 
while the Linker and SANT2 domains bind LSD1. (b) A co-crystal structure of LSD1 and 
CoREST detail the helix-helix interaction between the Linker domain and LSD1 TαA 
(PDB 2IW5). (c) The coiled-coil interaction between LSD1 and CoREST is formed 
through hydrophobic (cyan) and electrostatic (yellow) interactions with both LSD1 TαA 
and TαB. (d) These interactions follow a typical heptad repeat, with hydrophobic 
residues packed in positions a and d, stabilized by electrostatic interactions between 
residues in positions e and g. 
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2.2.2 LSD1 and CoREST Form a Tight Interaction that is Dependent 
Upon the Tower Domain 

Biophysical characterization of the LSD1/CoREST interaction has been 

previously reported by the McCafferty lab.47 In these studies, it was confirmed that LSD1 

and CoREST bind in a 1:1 ratio, and found that they form a tight interaction, with a 

dissociation constant (Kd) of 15.9 ± 2.07 nM. Further examination indicated that this tight 

association was driven by a very slow off rate (koff = 7.78 x 10-5 ± 1.27 x 10-5 s-1) in relation 

to a modest on rate (kon = 5.63 x 104 ± 1.93 x 103 M-1 s-1). In agreement with our finding 

that the Tower domain does not influence that activity of a properly-folded AOD,309 we 

also found that binding of CoREST has little affect on LSD1 reaction kinetics against a 

peptide substrate.313 

Here, we further demonstrated that the interaction between CoREST and LSD1 is 

dependent upon the Tower domain with a pull-down assay. LSD1 and our LSD1ΔTower 

mutant were incubated with GST or a GST-fusion of the C-terminal CoREST fragment 

containing the Linker and SANT2 domains (GST-CoREST-C). Samples were then 

incubated with glutathione resin to pull-down GST proteins. Proteins that remained 

bound and those that passed through the resin were analyzed by SDS-PAGE (Figure 16). 

Although both LSD1 and LSD1ΔTower appeared only in the flow-through when alone 

or in the presence of GST, LSD1 was segregated into the bound fraction in the presence 

of GST-CoREST-C. Conversely, LSD1ΔTower was found only in the flow-through 

fraction, even in the presence of GST-CoREST-C. As the only difference between LSD1 
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and LSD1ΔTower is the absence of Tower domain in the latter, we conclude that this 

domain is required for binding to CoREST and any additional interactions are 

insufficient to facilitate a stable interaction. Together, this preliminary characterization 

indicates that CoREST tightly binds the LSD1 Tower, with little to no other contributions 

from the AOD or SWIRM domains.  

 

Figure 16: The Interaction Between LSD1 and CoREST is Dependent on the 
Tower Domain. The indicated proteins were mixed and incubated with glutathione 

resin. Input samples (top panel), proteins that remained bound to resin (middle panel), 
and proteins that passed through the resin (bottom panel) were analyzed by SDS-PAGE. 

As expected, GST and a GST-CoREST-C fusion bound to resin, while LSD1 and 
LSD1ΔTower were found only in the flow-through (lanes 1-4). When combined with 

GST-CoREST-C, LSD1 was retained on resin (lane 7, star) while LSD1ΔTower was again 
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only found in the flow-through (lane 8, diamond). Neither protein remained in the 
bound fraction in the GST control (lanes 5 & 6, diamonds). 

  

2.3 Localization of Binding Energy within the LSD1/CoREST 
Interaction 

Having established that the interaction between LSD1 and CoREST is dependent 

upon the Tower domain, our focus shifted to the distribution of binding energy across 

the interface. The CoREST Linker and SANT2 domains form a large interface with the 

LSD1 Tower domain, resulting in an interchain surface area of approximately 2,280 Å2. 

Frequently within such inter-protein contacts there are relatively small areas, termed hot 

spots, that contribute a disproportionately large amount to the binding affinity.314 Hot 

spots are particularly amenable to current drug discovery methods, as they frequently 

share many features of classic enzyme targets, most notably a concentration of binding 

energy in a deep pocket.304 Therefore a survey of the binding energy topology across the 

LSD1/CoREST interface was of particular interest as a guide for our future probe design. 

Towards this end, we first examined CoREST through mutational analysis and 

determined that the C-terminal portion of the Linker region marshals significantly more 

binding energy than the surrounding surfaces, with little to no contribution from the 

SANT2 domain. These results were corroborated by further hydrogen-deuterium 

exchange experiments, which also highlighted a region near the apical end of the Tower 

as undergoing the greatest change in accessibility as a function of CoREST. Intrigued by 
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the apparent difference in protection afforded to the upper Tower domain portion 

compared to the lower, we compared available crystal structures of LSD1 with and 

without CoREST and found a great variability in positioning of this Tower region. We 

therefore suspect that CoREST plays a role in stabilizing the Tower domain. 

2.3.1 Identification of Key CoREST Residues Involved in LSD1 
Binding 

Previous efforts by Dr. Sunhee Hwang in the McCafferty lab first began to 

dissect the LSD1/CoREST interaction with an examination of the Linker and SANT2 

contributions to the overall binding energy by isothermal titration calorimetry (ITC).47 

No significant change in binding affinity was observed for the Linker region (CoREST 

293-380) compared to the full CoREST-C (CoREST 293-482) construct (7.78 ± 3.50 nM vs. 

15.9 ± 2.07 nM, respectively). Conversely, no binding isotherm was obtained for the 

isolated SANT2 domain (CoREST 381-450). Together these results suggest that the 

majority of binding energy resides in the CoREST Linker region, with minimal 

contributions from the SANT2 domain. For this reason, subsequent efforts focused 

primarily on the Linker region.  

Within the Linker region, several prospective contacts along the helix-helix 

interaction were examined for their impact on binding affinity.187 Specifically, a series of 

CoREST residues involved in either hydrophobic packing or electrostatic interactions 

with LSD1 were individually mutated to alanine (Figure 17a). Each mutant was purified 

from E. coli and its affinity for LSD1 measured. Most mutants produced no change or 
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even a slight increase in affinity compared to wildtype CoREST-C. However, point 

mutates K360A and L363A significantly reduced the binding affinity by factors of 4.3 

and 3.2, respectively, while a third (R371A) reduced affinity by a factor of 1.9, though 

not quite achieving statistical significance (Figure 17b). Interestingly, all three of these 

mutations are positioned near the C-terminal end of the Linker region, which 

corresponds to the apical end of the Tower domain. We thus speculated that binding 

energy was concentrated to this region, with less contribution from sections closer to the 

AOD. Despite an apparent focus of binding affinity to this region, none of the mutants 

altered the binding free energy (ΔΔG) by the ≥1.5 kcal/mol typical of residues involved 

in hot spots (Figure 17c).314  

 

Figure 17: Evaluation of Binding Energy by Mutational Analysis. (a) Within the 
CoREST Linker region (dark blue), residues involved in either hydrophobic packing or 

electrostatic interactions (cyan) were mutated to alanine. (b) The affect of these 
mutations on binding affinity of CoREST-C (Linker and SANT2 domains) for LSD1 were 
assessed by ITC. Compared to wild-type, two mutations (red) significantly increased Kd. 
A third mutations (R371A) also weakened the interaction but did not reach significance. 
(c) None of these mutations elicited a ΔΔG greater than 1.5 kcal/mol, which is typical for 

hot spot residues. ITC data collected by Dr. Sunhee Hwang.qa 
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2.3.2 Surface Protection of the LSD1 Tower by CoREST 

We next examined the LSD1/CoREST interaction without perturbation to the 

native primary sequence of either by hydrogen deuterium exchange – mass 

spectrometry (HDX-MS). Through this technique we were able to probe the relative 

solvent-protection experienced by portions of the Tower domain as a function of 

CoREST. 

2.3.2.1 Overview of Hydrogen-Deuterium Exchange – Mass Spectrometry 

Hydrogen-deuterium exchange of protein backbone amides followed by mass 

spectral analysis is an increasingly common method employed to quickly identify 

protein interaction surfaces and conformational changes.315 In this method (Figure 18), a 

protein with and without one or more binding partners is incubated in deuterium 

buffer, where exposed backbone amide hydrogens can exchange rapidly for deuterium. 

After a specified amount of time, the exchange reactions are quenched under cold, acidic 

conditions, where the exchange rates are slowest.316 Proteins are then proteolytically 

digested into fragments, which are identified and the degree of deuterium uptake 

measured by MS/MS analysis. Backbone amides that are solvent-exposed exchange 

much more rapidly than amides buried in the protein interior. Similarly, an amide that 

is involved in an interaction interface will gain protection from solvent exposure and 

incorporate less deuterium compared to the same protein in isolation. Hence by 

comparing deuterium uptake between corresponding peptic fragments in the isolated 
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versus partner-bound samples, regions of interaction can be determined. Notably, 

binding-induced conformational shifts may also be identified in the same manner, as 

regions removed from the main interface become buried or exposed. 

 

Figure 18: Overview of Protein-Protein Interaction Analysis by Hydrogen-
Deuterium Exhchange-Mass Spectrometry. In this method, a protein in isolation (top 
panel) or with a binding partner (bottom panel) is incubated in deuterium buffer, where 
backbone amides exchange proteins (H) for deuteriums (D) at a rate relative to their 
solvent-exposure. Exchange is then quenched and proteins digested. Fragments are 
identified and deuterium uptake measured by MS/MS. Changes between corresponding 
fragments in the two conditions are then used to determine sites of protein-protein 
interactions, which can be illustrated, for example, on available crystal structures. 

Although protein crystallization remains the gold-standard for structural 

determination, HDX-MS offers many, often complimentary, advantages. For example, 

structures that are beyond the capabilities of traditional crystallographic techniques, 

such as intrinsically disordered protein regions and large assemblies, can be easily 

probed by HDX-MS. Furthermore, HDX-MS offers some insight into induced dynamics 
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that may be difficult or impossible to capture by crystallography. Due to these attributes, 

HDX-MS has provided valuable insight into many complex systems. For example, 

nuclear receptor (NR) structure-function relationships have benefited greatly from HDX-

MS studies,317 which have been used to differentiate agonist from antagonist binding in 

peroxisome proliferator-activated receptor γ (PPARγ),318 suggested wide-spread, ligand-

induced conformational shifts in the as yet un-crystallized Farnesoid X receptor (FXR),319 

and illustrated substrate-driven organization of the notoriously disordered N-terminal 

domain (NTD) of the full-length progesterone receptor (PR).320 Many other fields that 

pursue characterization of complex systems have similarly benefitted from HDX-MS 

analysis, including G-protein coupled receptor (GPCR) signaling and antibody-antigen 

epitope mapping.321 Despite these advantages, the utility of HDX-MS is limited to some 

degree by resolution, as typically only peptide fragments are generated and identified. 

Residue-level identification of deuterium incorporation sites can only be accomplished 

by extensive proteolysis or MS fragmentation. Nonetheless, HDX-MS is a valuable tool 

for probing structural changes, and can enrich more traditional crystallography 

techniques. 

2.3.2.2 HDX-MS Analysis of the LSD1/CoREST Complex 

Our mutational analysis of the CoREST/LSD1 interface highlighted a 

surprisingly small number of residues compared to the relatively extended surface 

formed by the two proteins. We therefore supplemented this investigation with further 
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characterization of the interface by HDX-MS. These experiments were carried out in 

collaboration with coworkers Meghan Lawler and Jonathan Burg, and Duke Proteomics 

Core Facility specialists Erik Soderblom and Arthur Moseley. 

Samples of LSD1 alone and LSD1 in complex with CoREST-C (Linker and 

SANT2 domains, residues 285-482) were incubated in deuterium buffer for 0, 1, or 5 

minutes, followed by quenching in acid. These time points have been empirically 

determined to yield differential deuterium uptake for tight-affinity protein interactions 

such as the one between LSD1 and CoREST (Dr. Erik Soderblom, personal 

communication). Proteins were then digested with pepsin and fragments separated by 

UPLC. Peptides were identified by mass comparison to the LSD1 and CoREST 

sequences. Fortuitously, the peptides identified accounted for 99.2% coverage of the 

LSD1 total sequence (Figure 19). A list of peptides for further analysis was assembled by 

filtering for LSD1 peptides that were identified at all tested time points. Percent 

deuterium uptake for each peptide was calculated from the measured amount of 

deuterium uptake versus the theoretical maximum uptake. For each time point, the 

percent deviation in deuterium uptake was calculated as the difference between the –

CoREST-C sample and the +CoREST-C sample. To identify regions of differential 

deuterium uptake as a function of CoREST, only peptides that (i) exemplified 

approximately equal deuterium uptake between the time points 1 and 5 min, and (ii) 

returned p-values of ≥0.05 when subjected to a t-test between the ± CoREST-C samples at 
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corresponding time points were considered. Peaks were also manually inspected to 

eliminate background interference. Although several regions of decreased deuterium 

uptake as a function of CoREST were identified, no regions experienced an increase in 

deuterium uptake. For visualization, altered peptides were mapped onto a co-crystal 

structure of LSD1 and CoREST-C as a heatmap of differential deuterium uptake (Figure 

20). 

 

Figure 19: Peptide Coverage of the Total LSD1 Sequence. Peptic fragments of 
LSD1 were identified by mass analysis as described in the Materials and Methods. 

Together, these overlapping sequences accounted for 99.2% coverage of the complete 
LSD1 sequence.  
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Several regions of LSD1 experienced increase protection from deuterium 

exchange in the presence of CoREST-C, most notably the apical end of the Tower 

domain. LSD1 residues 440-451 in TαA experienced >20% decrease in deuterium uptake, 

the largest observed for any peptide (Figure 20a). Adjacent residues that boarder the 

turn between TαA and TαB (residues 452-467 and 478-490) also experienced a 10-20% 

decrease in uptake, suggesting that this entire upper region of the Tower experiences the 

greatest alteration upon CoREST binding. Deuterium uptake in these regions as a 

function of time is illustrated in Figure 20d. Gratifyingly, these regions correspond to 

CoREST mutations that had the greatest affect on binding affinity (Figure 20b). 

Specifically, L363 packs directly against the TαA area that experienced the greatest 

decrease in deuterium uptake. The other residues that most significantly impacted 

binding affinity, K360 and R371, form electrostatic interactions with sections of TαB that 

did not undergo a change in exchange rate in the presence of CoREST-C. Visually it is 

evident that, despite these and other interactions, the majority of TαB remains largely 

solvent-exposed, even in the presence of CoREST. It is therefore likely that these areas 

are important for formation of the LSD1/CoREST complex, but derive no protection 

from the interaction. 

Apparent solvent protection of the upper Tower region is contrasted starkly by a 

lack of protection in Tower regions closer to the AOD. This difference cannot be 

attributed to a dramatic shift in interaction mode, as a similar pattern of interchain 
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contacts is observed across the bulk of the Linker region, with hydrophobically packed 

residues encased by electrostatic interactions. Furthermore, the estimated change in 

solvent-exposed surface area for both upper and lower Tower regions upon CoREST 

binding is approximately equal (data not shown). Although no clear explanation for this 

difference is immediately obvious, it does again mimic our mutational analysis, in which 

no mutations in the lower regions significantly weakened binding affinity. Together, 

these studies suggest that the apical end of the Tower is most critical for formation of the 

complex. 

Notably, some areas in the AOD and SWIRM domains also experienced a 

decrease in deuterium exchange as a function of CoREST binding. It is unlikely that 

CoREST interacts directly with these distant and varied sites, but more likely induces 

conformational changes that propagate throughout the rest of the LSD1 molecule. 

Indeed, molecular modeling studies have postulated large-scale clamping motions of the 

LSD1/CoREST complex, which may be reflected here.189 Several of the regions 

highlighted in our study surround the FAD binding pocket and active site (Figure 20c), 

suggesting that CoREST could have an affect on LSD1 substrate binding or catalysis. 

However, our previous in vitro analysis have observed no change in LSD1 enzyme 

kinetics against a peptide substrate in the presence of CoREST.47 Further modeling 

simulations have indicated the inverse: that the binding pocket may act as a allosteric 

regulator of Tower/Linker dynamics, potentially influencing coregulator and chromatin 
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binding.188 Further investigation is required to determine the effect of CoREST binding 

on more distant areas of LSD1, and vice versa. 

 

Figure 20: HDX-MS Analysis of the LSD1/CoREST Interface. (a) Differential 
deuterium uptake between corresponding peptides in the ± CoREST samples were 

mapped onto an available LSD1/CoREST co-crystal structure (PDB 2IW5) as a heat map. 
Red represents the greatest decrease in deuterium uptake (20%), while gray areas 

experienced no change. No peptides experienced an increase in deuterium uptake as a 
function of CoREST binding. (b) Regions of protection in the Tower region correspond 

to CoREST mutations that weakened affinity for LSD1 (cyan). (c) Several regions 
adjacent to the FAD binding pocket and active site (black star) experienced a decrease 
deuterium exchange in the presence of CoREST. (d) Percent deuterium uptake of the 

three regions indicated in (a) as a function of time. 

2.3.3 Coiled-Coil Interaction with CoREST Stabilizes the LSD1 Tower 

Both our mutational and HDX-MS analyses indicated that there is a significant 

discrepancy in binding energy between the upper and lower sections of the LSD1 Tower 

domain. However, the reason for this divergence is not clear, as there appears to be little 
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difference in helix-helix interactions or surface area of contact. To probe this further, we 

examined the available crystal structures of LSD1 with and without CoREST for changes 

in the Tower regions. Protein crystal structures are typically considered snap-shots of 

conformational states, and are very limited in their ability to illustrate the dynamics of 

protein movements. However, some information concerning protein motions can be 

gleaned from these static states. Particularly, we predicted that alterations in the LSD1 

Tower upon CoREST binding may be apparent in a comparison of LSD1 structures with 

and without its binding partner. 

To determine if any such alterations in Tower conformation were detectable, all 

available LSD1-containing structures in the PDB database were assembled in the Bio3D 

webserver, with exclusion only of structures containing LSD1 primary sequence 

mutations or binding partners other than CoREST. Importantly, only the LSD1 chain of 

each structure was included in inquiry; hence structure analysis was unbiased by the 

presence of CoREST, accounting only for structural deviations of LSD1. All LSD1 chains 

were structurally aligned by superimposition to an invariant core. Deviations in 

positioning between structures were visualized as a heatmap of root mean square 

fluctuation (RMSF) value per residue (Figure 21a). Within all structures, the AOD and 

SWIRM domains display very little variation. However, a great deal of variation is 

observed in the Tower domain, with RMSF values increasing near the apical end. 

Interestingly, maximum RMSF values were much lower when comparing only 
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structures of LSD1 in isolation or only co-crystal structures of LSD1/CoREST (Figure 

21b), suggesting that the Tower exists in two distinct conformational states depending 

upon the presence or absence of CoREST. 

 

Figure 21: Positional Variation Between LSD1 Crystal Structures. (a) LSD1 
chains from all suitable crystal structures (see text for details) were structurally aligned 

and RMSF values between corresponding residues represented as a heatmap, with 
increasing variability from dark blue to red. The highest variability is observed in the 
Tower region. (b) RMSF values per residue between all structures (blue) showed the 

greatest deviation in the Tower region (residues 415-515). However, the magnitude of 
the fluctuations is decreased if the comparison is limited to only LSD1 structures 

(orange) or only LSD1/CoREST co-crystal structures (black), suggesting two different 
states exist.  

To test if these deviations were sufficient to discriminate CoREST-bound LSD1 

structures from isolated LSD1 structures, all were clustered by RMSD and visualized as 

a dendrogram (Figure 22a). Most structures were partitioned into two major clusters, 

which were distinguished by either the presence or absence of CoREST. Similarly, PCA 
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analysis grouped structures into the same clusters (Figure 22b). In both cases, one 

structure lacking CoREST (PDB 2H94) was placed in its own cluster. The reason for this 

distinction is unclear. However, the clustering of these structures is clearly discernible 

by Tower domain positioning (Figure 22c), with approximately 13 Å separating 

corresponding residues in LSD1 and LSD1/CoREST structures, respectively, at the apical 

end of the Tower. The lone structure constituting its own cluster falls in between these 

two extremes.  

 

Figure 22: Clustering Discriminates Isolated LSD1 Structures from 
LSD1/CoREST Co-Crystal Structures. (a) Clustering by RMSD successfully grouped 

LSD1 isolated structures (green) separately from LSD1/CoREST crystal structures 
(black). (b) Principle component analysis separated the structures in a similar fashion. In 
both cases the isolated LSD1 structure 2H94 was placed in its own cluster. (c) Visually, 
members of the clustered groups can be easily identified by Tower placement, with the 
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apical end of isolated structures separated by approximately 13 Å from corresponding 
between groups. The 2H94 structures takes an intermediary form, although the reason 

for this is unknown. 

This inspection lends mechanistic insight into our previous description of 

binding energy along the LSD1/CoREST interface. Overlaying the regions highlighted 

by our HDX-MS studies onto three randomly selected LSD1 structures in isolation or 

three equally random LSD1/CoREST co-crystal structures illustrates that the regions 

gaining greatest protection from CoREST are also regions that undergo the greatest 

conformational shift. Together, these studies suggest that CoREST binds most tightly to 

the apical end of the Tower, inducing a local shift and rigidification.  

2.4 Discussion 

In this section we have provided an initial characterization of the LSD1/CoREST 

interaction. This binding event is particularly dependent upon the LSD1 Tower domain, 

a peculiar coiled-coil structure that extends away from the globular active site. We find 

that this domain is an architecture exclusive to LSD1 among other demethylases, 

suggesting that targeting it for intervention will likely avoid unintended inhibition of 

these related enzymes. Additionally, it is well conserved in known orthologs across 

many species, indicating a essential role across evolutionary time. Although the Tower is 

not necessary for LSD1 catalysis, apart from ensuring proper folding of the active site, it 

is involved in critical protein-protein interactions that are required for demethylation of 
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nucleosomal targets. For these reasons, we believe interruption of Tower domain 

interactions may prove a novel strategy for selective LSD1 inhibition. 

To inform the development of such probes, we took as a model the well-

characterized interaction between LSD1 and the scaffolding protein CoREST. Available 

crystal structures have a revealed a classical helix-helix interaction between a long helix 

in the CoREST Linker region and the LSD1 Tower domain, with further contacts 

mediated by a shorter helix and a SANT2 domain. We have demonstrated that these 

proteins form a tight, 1:1 interaction that is dependent upon the LSD1 Tower domain. In 

probing the binding energy distribution across this interface, we found that the CoREST 

Linker domain overwhelmingly supports this interaction, with little to no contribution 

from the SANT2 domain. Despite this small impact on binding affinity, the SANT2 

domain may instead influence the observed slow off-rate by “trapping” the Tower in a 

circuitous fold that prevents fast dissociation. Such a tactic may allow long residence 

times on chromatin. Further studies are necessary to determine if binding kinetics are 

indeed exploited in such a manner. 

In exploring the CoREST Linker domain further, we identified several residues in 

contact with the apical end of the Tower domain that significantly weaken the binding 

affinity upon mutation. These finding are supported by further HDX-MS studies that 

highlight the upper sections of the Tower domain as experiencing the greatest protection 

from solvent-exposure in the presence of CoREST. While both methods point to a 
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concentration of binding energy in the upper Tower region, both also indicate a 

remarkable lack of binding energy in the lower portion. It is not immediately obvious 

why there is such a disparity in binding energy between these regions, as both form very 

similar helix-helix interactions and interact with approximately the same surface area of 

CoREST. 

Lacking a clear explanation for the striking distribution of binding energy within 

the Tower, we examine available crystal structures for changes in protein conformation. 

Structural alignment revealed a highly conserved AOD and SWIRM domain 

architecture, with much greater variability in the Tower domain. Unbiased structural 

analysis grouped these structures into clusters that were differentiated largely by the 

presence or absence of CoREST. Closer inspection revealed that Tower residues in 

structures of isolated LSD1 are tightly grouped, but undergo a shift to a different 

conformational state upon CoREST binding. As we observed solvent-protection in these 

areas in our HDX-MS experiments, we speculate that CoREST induces local 

rigidification of the upper Tower domain, perhaps lending to its high affinity 

interaction. Such stabilization may hold biological relevance, as CoREST knockdown by 

RNA interference reportedly also leads to proteosomal degradation of LSD1 protein, 

while leaving transcript levels unchanged.109 It is less clear if LSD1 similarly protects 

CoREST from degradation, as LSD1 knockouts have been reported to either decrease or 

not affected CoREST protein levels,142,322 a discrepancy that may be due to tissue-specific 
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effects. Regardless, future work will hopefully determine if the stabilization we observe 

in vitro serves as a regulatory mechanism in vivo.  

Through these efforts we now have an improved understanding of the forces 

governing the LSD1/CoREST interaction. Moving forward, we hope to generate probes 

capable of disrupting this interaction. Some precedence for the success of this strategy 

has been reported, in a LSD1 mutation (M448V) that prevented interaction with CoREST 

in vivo.323 Incidentally, this mutation is in the upper Tower region highlighted in our 

HDX-MS study and packs closely with CoREST residue L363, which significantly altered 

binding affinity in our mutational analysis. Although these studies combined specify 

areas of the Tower most suited for targeting, generation of such probes remains 

challenging. 

Protein-protein interaction (PPI) inhibitors have seen increased developmental 

efforts and implementation in recent years, most frequently by targeting hot spots 

within larger interaction surfaces.303 In some ways the LSD1/CoREST interface is 

reminiscent of a classic hot spot archetype.324,325 For example, binding energy appears to 

be localized to a relatively small region with little contribution from the surrounding 

residues. Furthermore the helix-helix interaction conforms to the “O-ring” model 

proposed by Bogan and Thorn,326 where electrostatic interactions form a barrier between 

the aqueous environment and a hydrophobic binding core. However, the LSD1/CoREST 

interaction also bears significant distinctions from typical hot spot-mediated 
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interactions. Most notably, the interaction surface is not situated within a deep binding 

pocket or groove within one of the protein, but is instead formed from the union of the 

two helices. Thus, the LSD1/CoREST complex lacks a resemblance to typical enzyme 

active sites that make such interactions amenable to current screening and inhibition 

methodologies.303 Furthermore, attempts to disrupt existing LSD1/CoREST complexes 

within the cell may be frustrated by the slow off-rate we observe. Despite the unique set 

of obstacles presented by this complex, such probes could prove more selective than 

current small molecule inhibition strategies, which are currently unable to 

distinguishing between LSD1 in the various multiprotein complexes it forms throughout 

diverse tissue types. We therefore felt that this potential, which may prevent unintended 

side-effects of LSD1 inhibition, warranted further exploration. 

2.5 Materials and Methods 

2.5.1 General Protein Structure Manipulation and Visualization 

Protein structures were obtained from the Research Collaboratory for Structural 

Bioinformatics Protein Database (RCSB PDB)327 and visualized in PyMOL (The PyMOL 

Molecular Graphics System, Version 1.5.0.3 Schrödinger, LLC). Interface surface areas 

were calculated using the PDBePISA server.328 

2.5.2 Protein Sequence and Structural Alignments 

Protein sequences were obtained from the Uniprot database. In each case the 

primary isoform was used for analysis unless otherwise noted. Sequences or sequence 
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fragments were aligned in Clustal Omega. Residue conservation was annotated with 

ESPript 3.0. Protein structures were obtained from the PDB database and aligned in 

PyMOL. For predictive alignment of KDM5A to the LSD1 structure, the SWISS-MODEL 

server was employed.307 The KDM5A predicted coiled-coil region was submitted for 

modeling with the LSD1 Tower domain from PDB 2IW5 (residues 428-514) as a template 

in alignment mode. 

2.5.3 Phylogenetic Comparison of LSD1 Orthologs 

Orthologs of the H. sapiens LSD1 gene (KDM1A ENSG00000004487) were 

identified in Ensembl database and the protein sequence of each aligned. The majority of 

ortholog sequences aligned with striking sequence conservation in the Tower region 

(residues 415-515), typically containing less than 5 point mutations. However, a 

subpopulation of orthologs deviated substantially from the H. sapiens LSD1 Tower 

domain sequence. All species possessing orthologs were visualized with iTOL and 

Tower deviants colored red. To demonstrate the broad conservation of the Tower 

domain, select orthologs from various phylogenetic subgroups were aligned and 

visualized as previously described in Clustal Omega. 

2.5.4 GST Pull-Down Assay 

Proteins were expressed and purified as previously described.309 Equimolar 

amounts of GST or GST-CoREST-C fusion were combined with wildtype nΔ150 LSD1 or 

nΔ150 LSD1ΔTower in binding buffer (137 mM NaCl, 2.7 mM KCl, 10 nM Na2HPO4, 1.8 
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mM KH2PO4 (pH7.4), 10 mM DTT, 0.05% (v/v) Tween 20). 100 µL samples were gently 

agitated in the presence of 20 µL Glutathion Sepharose 4 Fast Flow resin (GE 

Healthcare) for 16 h at 4 °C. “Flow-through” fractions were collected from the 

supernatant, which was removed prior to 3 extensive washes in 400 µL binding buffer. 

The resin was resuspended in 80 µL 2X SDS sample buffer and denatured for 2 min at 

100 °C to release proteins in the “bound” fraction. Input, bound, and flow-through 

samples were analyzed by SDS-PAGE (4-20% gradient, Bio-Rad) and visualized by 

Coomassie Brilliant Blue staining. 

2.5.5 Mutational Analysis and Isothermal Titration Analysis 

These experimental details have been reported previously and will only be 

reviewed here briefly.187 Proteins were expressed and purified from E. coli. Samples were 

prepared in 50 mM sodium phosphate buffer (pH 7.4) containing 1 mM DTT and 

degassed. A 3 µM solution of LSD1 was loaded into the sample and reference cells of a 

MicroCal VP-ITC microcalorimeter. Injections of 3 µL of a 30 µL CoREST-C solution 

were then performed over the course of 6 s at 25 °C with constant stirring, with a 300 s 

delay between injections. A one site binding model was used to fit the data and 

determine thermodynamic parameters. 

2.5.6 Hydrogen-Deuterium Exchange – Mass Spectrometry 

Proteins were expressed and purified from E. coli as previously described,313 and 

ultimately prepared for use in 25 mM HEPES, 200 mM NaCl, 1 mM βME (pH 7.8). 
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Concentrations were measured by Bradford assay and samples diluted to 10 µM in 

HEPES buffer. Using an automated HDX labeling LEAP robot, 5 µL protein were 

diluted into either 45 µL HEPES buffer in water (for t = 0) or in D2O (for t = 1, 5 min). 

After the designated amount of time, exchange reactions were quenched with 45 µL 

0.3% formic acid, 1 mM TCEP in chilled water. Proteins were then digested on an 

immobilized pepsin column (Waters Enzymate BEH pepsin column) at 200 µL/min at 20 

°C for 2 min. 50 µL of each sample were analyzed by UPLC-MS (Waters nanoAcquity, 

Synapt G2). Samples were first trapped on a VanGuard C18 column (40 µL/min in 5% 

v/v water/acetonitrile, 0.1% formic acid), followed by separation on a 1.7 µm Acquity 

BEH130 C18 column (Waters) with a linear gradient from 5-35% acetonitrile, 0.1% formic 

acid over 7 min at 40 µL/min. All separation steps were performed at 1 °C. Peptide 

masses were analyzed by a tandem mass spectrometer via electrospray ionization 

source, with alternating high- and low-energy scans from 50-2000 m/z. Peptides were 

identified by comparison to the LSD1 and CoREST sequences in the Protein Lynx Server 

(v2.5.2). Each sample was analyzed in duplicate. 648 unique peptides were identified 

and filtered for analysis by sequences that could be identified in all samples. Deuterium 

uptake values were then subjected to a t-test for each – CoREST condition compared to 

the corresponding + CoREST peptide. Sites of differentiation were identified by percent 

deviation (increase or decrease) being consistent across all + CoREST time points, a p-

value of < 0.05 between ± CoREST samples, and manually inspection of peak picking. 43 
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peptides met all of these criteria. Regions of altered deuterium uptake were mapped 

onto a co-crystal structure of LSD1/CoREST (PDB 2iW5). 

2.5.7 Analysis of Flexibility in LSD1 Crystal Structures 

All analysis was performed using the Bio3D-web server.329 By manual 

comparison to the RCSB PDB, all available LSD1 structures were selected as an input 

(see list below). Only structures containing point mutations or binding partners other 

than CoREST or a short histone peptide were excluded. Additionally, only the LSD1 

chain from each structure was included in analysis. All chains were structurally aligned 

using the invariant core mode and visualized as a heatmap of RMSF value per residue. 

RMSF values were also plotted as a function of residue position. Additional analyses of 

(i) only isolated LSD1 structures or (ii) only LSD1/CoREST crystal structures were also 

performed and these RMSF plots overlaid to illustrate the decrease in variability within 

these two states. All structures were clustered by RMSD using a single-linkage method 

and represented as a dendrogram. PCA analysis presented the same groups, with the 

majority of separation attained from PC1, for which the largest contribution was derived 

from Tower resiudes (data not shown). Structures included in analysis include: isolated 

LSD1 structures 2H94, 2HKO, 2DW4, 2Z3Y, 2EJR, 2Z5U, 3ABU, 3ABT and 

LSD1/CoREST co-crystal structures 2IW5, 2UXN, 2UXX, 4KUM, 2V1D, 2Y48, 5I3E, 5I3F, 

5I3G, 5IBQ, 2XAF, 2XAJ, 2XAG, 2XAH, 2XAQ, 2XAS, 4UXN, 3ZMS, 3ZMT, 3ZMZ, 

3ZN0, 3ZN1, 4UV8, 4UV9, 4UVA, 4UVB, 4UVC, 3ZMU, 3ZMV. 
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3. Production Methods for a First Generation Inhibitor of 
the LSD1/CoREST Interaction 

In chapter 2 we established the LSD1/CoREST complex as an eligible target for 

disruption. In this chapter, we describe the production of a first generation inhibitor of 

this interaction for use in proof-of-principles studies. As discussed below, it is unlikely 

that small molecules will be capable of disrupting such a large interface devoid of 

archetypal hot spots. We instead utilized a peptide facsimile of the CoREST linker region 

for these initial studies. Despite the simplicity of this approach, procurement of the 

linker peptide required significant effort, which is described herein. 

 

3.1 Background and Rationale for Probe Design and Production 

3.1.1 The CoREST Linker as a First Generation Probe of the 
LSD1/CoREST Complex 

Our investigation suggested that development of a probe to disrupt this interface 

would be challenging. Particularly, the lack of a archetypal hot spot in the binding 

interface suggests that small molecules will likely not be amenable to disruption of this 

interaction. While improved methods such as fragment-based design might yield 

successful inhibitor candidates, such screening processes are labor-intensive.330 

Alternatively, peptides are well suited for PPI inhibition, as they can mimic the surfaces 

of their larger protein counterparts and traverse significantly more interfacial space 

compared to small molecules. Due to these properties, peptides often make highly 
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potent and selective inhibitors, although poor stability and bioavailablility must 

typically be overcome for peptide-based therapeutics to reach the clinic.331  

For design of a peptide disruptor, we turned to the CoREST linker region as a 

scaffold designed by years of evolution to bind the LSD1 tower domain. Previous work 

by Dr. Sunhee Hwang in our lab indicated that short, 20-mer fragments of the linker 

region were insufficient to compete with CoREST for LSD1 except in great molar 

excess.187 However, our previous work also established that the full-length linker region 

binds LSD1 with affinity equal to or even slightly better than the full length C-terminal 

fragment.47 We therefore elected to use the entire linker region (CoREST residues 293-

380) as a preliminary test probe. At 88 amino acids in length, this peptide is challenging 

to access by standard solid phase peptide synthesis (SPPS) and was instead obtain by 

expression and purification in Escherichia coli. As detailed in the following sections, 

multiple strategies were employed to obtain the linker region both as a native construct 

and with cell permeability tags for use in cell culture.  

3.1.2 A Brief Introduction to Protein Expression and Purification from 
E. coli  

Heterologous expression and purification of proteins from E. coli is currently the 

most widely used system for recombinant protein expression. A comprehensive review 

of the various techniques available in this field is beyond the scope of this manuscript, 

and is available elsewhere.332 For the work presented here, genes of interest were 

inserted into expression plasmids employing a T7 promoter system, which facilitates 
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transcription by the phage T7 RNA polymerase. This polymerase is stably inserted into 

the genome of many E. coli expression strains, such as BL21(DE3), under control of the 

lac promoter, which can be activated by addition of the non-hydrolyzable lactose analog 

isopropyl β-D-1-thiogalactopyranoside (IPTG). Thus, protein expression can be induced 

in a temporally-controlled manner. Expression conditions for any protein must be 

optimized, most commonly by modulating temperature, IPTG concentration, or 

expression cell line. This is necessary to ensure that an appreciable yield of protein is 

produced, but also to ensure the protein made is properly folded and in the easily-

accessible soluble fraction of cell lysate. 

Once a protein is expressed, there are numerous methods available for 

purification, which have been reviewed elsewhere.333 For the work presented here, 

proteins of interest were typically expressed as fusions with tags that promoted affinity-

based purification. Most notably, maltose binding protein (MBP) fusions were purified 

via the binding interaction between MBP and amylose immobilized on resin. The 

interaction can be dissociated, and protein fusion eluted, by introducing an excess of 

maltose to compete for MBP binding. Similarly, proteins fused with a sequence of six 

histidine residues (His6) have affinity for divalent metal ions, which can be immobilized 

on resin. These proteins can then be eluted by competing for metal binding with 

imidazole. This technique is known as immobilized metal affinity chromatography 

(IMAC). Large tags that could potentially interfere with the peptide’s function were 
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removed after affinity purification by cleavage with proteases for which recognition 

sites were incorporated between the tag and desired construct. Secondary purification 

steps included ion exchange chromatography, in which proteins are differentiated by 

charge, and hydroxyapatite chromatography, a multi-mode exchange resin. Finally, 

some purification schemes included intentional precipitation with ammonium sulfate 

(AMS), which is known for its ability to maintain proper protein folding.334 Using these 

methods, protocols for purification of the CoREST Linker region were explored. 

 

3.2 Expression and Purification of a Cell Permeable Linker 
Peptide  

One of the most common issues to combat when using peptide probes is poor 

delivery across cell membranes. Several strategies have been developed to combat this 

issue, most notably for our work being fusion of the desired sequence to cell penetrating 

peptides (CPPs).  CPPs are short amino acid sequences that have been shown 

empirically to cross cell membranes, often carrying with them much larger payloads to 

the cytoplasm.335 Although the mechanism of cell penetration is still debated, CPPs 

frequently incorporate many positively-charged residues and an overall amphipathic 

quality. Although a more thorough understanding of CPP translocation will 

undoubtedly benefit our exploitation of these motifs in research and therapeutic design, 

the current deficit of mechanistic insight does not prevent their use as a non-specific 

means to deliver peptides to cell hosts. 
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For our purposes, we have used a relatively short CPP sequence derived from 

the human immunodeficiency virus (HIV) protein trans-activator of transcription (TAT) 

protein. This sequence (YGRKKRRQRRR), as described by Dr. Steven Dowdy and 

coworkers,336 not only facilitates efficient translocation across the plasma membrane, but 

also results in accumulation of TAT-fused constructs in the cell nucleus.337 We predicted 

this would benefit our study of LSD1, which primary functions on chromatin within the 

nucleus. We furthermore included the hematgglutinin (HA) tag (YPYDVPDYA) to 

facilitate immunodetection of our peptide in complex mixtures. In the following sections 

we describe the development of a method to generate the TATHA-Linker peptide in 

appreciable yield and purity. 

3.2.1 Expression and Purification of MBP-TATHA-Linker 

As an initial attempt at purification, the linker peptide with N-terminal TAT and 

HA tags (TATHA-Linker) was prepared in the pMal-C2 expression vector. This vector 

contains a N-terminal MBP gene followed by a Factor Xa protease recognition site and 

multiple cloning site for target gene insertion. N-terminal TAT and HA tags from the 

pTATHA plasmid were amplified along with CoREST residues 293-380 and inserted 

into the pMal-C2 vector by standard restriction digest cloning. The resulting plasmid 

was transformed into BL21(DE3) E. coli and used for expression testing to optimize 

growth conditions. Test cultures were grown at either 37 °C or 30 °C after IPTG 

induction of protein expression and samples taken at various time points. These samples 
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were lysed with a detergent buffer and the soluble and insoluble fractions analyzed by 

SDS-PAGE (Figure 23). The highest protein yield was obtained at 37 °C after either a 7 h 

or overnight incubation; however most of the protein remained in the insoluble fraction 

(Figure 23a). Growth at 30 °C decreased overall protein yield, but maintained a greater 

portion in the soluble fraction after longer incubation times (Figure 23b). Comparison 

between all samples suggests that a 2 h growth at 37 °C would yield the most soluble 

protein in a time-efficient manner. As such, these conditions were carried forward to 

larger-scale growths. 

 

Figure 23: Expression Test of the MBP-TATHA-Linker Construct. (a) 
Expression test of the MBP-TATHA-Linker construct at 37 °C with samples taken at the 

indicated hours (o/n indicates overnight incubation) post-induction of protein 
expression with IPTG. (b) An expression test performed in the same manner at 30 °C. 
Each sample was separated into the soluble and insoluble portions and analyzed by 
SDS-PAGE. The arrow indicates MBP-TATHA-Linker (expected molecular weight of 

56.5 kDa). Samples at 37 °C exhibit overexpression but low solubility at later time points. 
Expression at 30 °C again yields less overall protein, but a larger portion in the soluble 

fraction. 
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A requirement for use of this construct is successful cleavage of the much larger 

MBP protein from the Linker peptide. For this purpose, the pMal-C2 vector contains a 

Factor Xa protease cleavage site between the MBP N-terminal tag and the protein of 

interest. We therefore next performed a small-scale test purification and cleavage. A 

culture was grown under the conditions described above, with addition of glucose to the 

media to suppress the expression of endogenous amylase, which can interfere with 

MBP-mediated purification. Cells were lysed and the MBP fusion purified by MBP-

binding amylose resin. After washing, the MBP fusion was eluted with maltose (Figure 

24a). Eluted protein was then treated with Factor Xa for various periods of time to 

optimize cleavage reaction time (Figure 24b). Although the TATHA-Linker peptide is 

barely visible, a diminished band at the MBP-TATHA-Linker molecular weight (56.5 

kDa) and appearance of a band at the expected cleaved MBP molecular weight (42 kDa) 

was observed, suggesting that the reaction was successful but concentration too low for 

visualization of the small peptide. The majority of MBP fusion was cleaved at all time 

points. 

A large-scale purification was next developed. Cultures was grown as described 

above, lysed, and subjected to an initial purification over MBP-affinity amylose resin 

(Figure 24c). The protein was obtained in good yield, but with substantial contamination 

of non-specific E. coli proteins. However, good separation of the desired protein was 

achieved by hydroxyapatite chromatography (Figure 24d). This relatively pure protein 
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was successfully cleaved with Factor Xa, however attempts to separate the resulting 

fragments proved problematic. Chromatographic attempts at separation were largely 

unsuccessful (data not shown). Altering strategies, we attempted to separate the 

TATHA-Linker peptide from MBP by ammonium sulfate (AMS) precipitation. However 

at each AMS concentration tested a significant amount of MBP precipitated with the 

TATHA-Linker peptide (Figure 24e), again yielding insufficient separation. In a final 

attempt, we performed on-column cleavage of the construct. By introducing Factor Xa to 

immobilized MBP-TATHA-Linker, we hoped to release the TATHA-Linker peptide, 

which could then be washed away from the resin-bound MBP tag. Although the 

cleavage step appeared to be successful, washing to remove the TATHA-Linker peptide 

also eluted MBP and uncut MBP-TATHA-Linker (Figure 24f). The reason for this is 

unknown; however interference of endogenous E. coli proteins with amylose resin is 

known to cause decreased binding efficiency over time. We speculated that the 

increased incubation time required for on-resin cleavage reduced its affinity for MBP, 

and that using a similar strategy with a different affinity matrix might improve 

separation. 
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Figure 24: Purification of TATHA-Linker from an MBP Fusion. (a) A small-
scale purification indicated that MBP-TATHA-Linker could be eluted from amylose 

resin and (b) a test cleavage with Factor Xa indicated that, although a small amount of 
MBP fusion remained uncut, most was cleaved to form the lower molecular weight MBP 

fragment. The TATHA-Linker fragment is expected in the range of the black line but 
was probably too dilute for visualization. (c) A larger scale purification over amylose 

resin yielded a large amount of relatively impure fusion protein in the elution fractions. 
(d) The desired fusion was separated from major contaminants by hydroxyapatite 

chromatography. (e) The purified product was treated with Factor Xa protease, and the 
MBP and TATHA-Linker fragments attempted to be separated by ammonium sulfate 

precipitation. Unfortunately, MBP precipitated at all concentrations, yielding no 
separation. (f) On-column cleavage of immobilized MBP-TATHA-Linker was next 

attempted. Some MBP fusion protein eluted even during the initial Wash. However, the 
TATHA-Linker peptide and cleaved and uncleaved MBP proteins eluted in the Post-Cut 
Wash, again resulting in no separation. Green arrows indicate the MBP-TATHA-Linker 

fusion, blue arrows the cleaved MBP product, and black arrows the cleaved TATHA-
Linker product. 
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3.2.2 Expression and Purification of His-MBP-TATHA-Linker 

The previous MBP fusion to our Linker peptide allowed overexpression and 

purification of the construct, however the desired TATHA-Linker construct could not be 

effectively separated from MBP post-cleavage. We believe this was partly due to 

interference in the binding interaction between MBP and amylose resin and 

hypothesized that similar strategies employed with a different affinity resin would yield 

better results. For this purpose, we chose immobilized metal affinity chromatography 

(IMAC), using a His6 tag that binds tightly to Ni2+-chelated resin. With this goal in view, 

we cloned our TATHA-Linker sequence into the pDB.His.MBP vector, which fuses a 

His6-MBP tag to the gene of interest with an intervening tobacco etch virus protease 

recognition site (TEVr). The use of TEV protease was particularly desirable compared to 

the Factor Xa, as the TEV protease can be easily generated in-house (see Appendix). 

The cloned plasmid was transformed into BL21(DE3) E. coli and cultures grown 

as described in section 3.2.1, except that media was not supplemented with glucose. The 

His6-MBP fusion was then loaded onto metal-chelated resin, washed, and eluted with a 

gradient of imidazole (Figure 25a). The eluted protein was much cleaner after this single 

purification step compared to the amylose purification used in the previous section. In 

fact, inclusion of a small amount of glycerol in buffer prevented co-elution of some 

lower molecular weight contaminants (Figure 25b), such that further purification before 

cleavage was rendered unnecessary. This was most likely due to either deterrence of 
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non-specific interactions with resin or stabilization of protein and hence reduction of 

degradation products. Test reactions of this purified protein with TEV protease revealed 

a very high efficiency, with >90% cleavage even at the low TEV:protein mass ratio of 

1:200 (Figure 25c). 

Despite these improvements, separation of the cleaved products was again 

problematic. Specifically, reapplication of the cleaved protein to IMAC resulted in all 

proteins and fragments eluting in the flow-through (FT) and wash fractions, with no 

separation of the desired TATHA-Linker peptide (Figure 25d). We furthermore 

observed that metal appeared to be slowly stripped from the resin throughout this 

chromatographic step, although notably this did not occur during the initial IMAC 

separation from lysate. Several common buffer components are known to strip metal 

from IMAC resin, although none were present in our purification beyond the capacity 

recommended by the manufacturer. Nevertheless, we examined several components, 

but found that neither a reduction in imidazole, nor exclusion of reducing reagent, 

glycerol, or the metal chelator EDTA improved separation between TATHA-Linker and 

MBP (Figure 25e-h). We furthermore confirmed that the resin was not overloaded and 

that the cleaved MBP was also no longer capable of binding amylose resin in the 

presence of TATHA-Linker. The reason for this unusual behavior is unknown, however 

it is likely that the cleaved fragments are tightly bound in a manner undesirable for 
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future use of the peptide. Therefore, despite these extensive efforts we were compelled 

to again alter our approach. 

 

Figure 25: Purification of TATHA-Linker from a His6-MBP Fusion. (a) 
Purification of His6-MBP-TATHA-Linker by IMAC resulted in a band of the expected 

molecular weight (57 kDa) as the major product in the elution fractions, with only a few 
contaminants. (b) Addition of glycerol to the purification buffers removed these lower 

molecular weight contaminants. (c) Test cleavages with TEV protease indicated that 
even at very low TEV:protein mass ratios the majority of the fusion protein was divided 
into the expected MBP and TATHA-Linker fragments. (d) Re-application of the cleavage 
product to IMAC resulted in little to no separation between cleaved MBP and TATHA-

Linker, both of which eluted in the flow-through (FT) fraction. Alterations in buffer 
conditions, including imidazole (e), reducing reagent (f), glycerol (g), and EDTA(h) all 
failed to facilitate re-binding of His6-MBP fragments to resin. Green arrows indicate the 
complete His6-GST-TATHA-Linker protein, red arrows undefined contaminants, blue 



 

112 

arrows the MBP cleavage product, yellow arrows TEV protease, and black arrows the 
cleaved TATHA-Linker product. 

3.2.3 Expression, Purification and Stability of His6-GST-TATHA-Linker 

Our previous issues suggest that there is an undesirable interaction between the 

TATHA-Linker construct and the MBP tag. We therefore chose to purify the peptide as a 

fusion with GST, another common tag that can improve overexpression and 

purification. Dr. Jonathan Burg in our lab has previously prepared a plasmid containing 

His6-GST fused to CoREST-C (linker and SANT2 domains; residues 285-482) in the 

pET28b backbone. To modify this construct for expression of our desired peptide, a 

series of mutagenesis steps were employed to insert a stop codon after CoREST residue 

380 and insert the TAT and HA tags. Once confirmed, this modified plasmid was 

transformed into the BL21(DE3) E. coli expression strain. Expression conditions used for 

the His6-GST-CoREST-C were found to be adequate for production of our construct as 

well, and were therefore not optimized further.309 

The expressed protein was purified from lysate by IMAC and eluted as the major 

product, with some lower molecular weight contaminants (Figure 26a). Fractions 

containing the desired protein were dialyzed against buffer suitable for TEV cleavage 

and the protease used to cut the His6-GST tag from the TATHA-Linker peptide. A test 

purification of the cleavage mixture by IMAC indicated good separation of the TATHA-

Linker fragment, which eluted in the flow-through and wash fractions, from uncleaved 

His6-GST-TATHA-Linker and cleaved His6-GST, which remained bound to resin until 
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eluted by application of imidazole (Figure 26b). Following these encouraging results, a 

larger scale preparation was cleaved and purified in the same manner. The resulting 

protein was dialyzed against phosphate buffered saline (PBS) and sterile filtered (Figure 

26c). The TATHA-Linker peptide constituted the major species in the sample. A high 

molecular weight contaminant likely corresponds to DNAK (see section 3.3.1), but was 

present at a significantly lower concentration compared to the desired peptide. 

With the TATHA-Linker construct final in hand, we next perform stability tests 

to determine how the peptide would fare in the cell environment. To this end, 500 nM 

peptide were incubated at 37 °C in either phosphate buffered saline (PBS), simple 

mammalian culture media, media supplemented with serum (complete media), 

complete media heat-treated to denature proteins, and media supernatant taken from 

living cells. Time points were acquired after 1 and 24 h for each condition and analyzed 

for the presence of the peptide by western blotting with an α-HA antibody (Figure 26d). 

Surprisingly, the peptide did not appear to be stable at 37 °C, with significant 

degradation after 24 h even in a simple PBS buffer. Increasing complexity of the solution 

further weakened stability, with no peptide detectable even after 1 h in cell-conditioned 

media. In a control dilution series, peptide concentrations as low as 50 nM were easily 

detected (Figure 26e), suggesting that in media conditions with no detectable signal, 

greater than 10-fold of the original peptide material had degraded. Therefore, despite 
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the successful purification of TATHA-Linker by this route, the resulting material was 

unsuitable for future experiments. 

 

Figure 26: Purification of the His6-GST-TATHA-Linker. (a) Purification over 
IMAC resin yielded primary the desired His6-GST-TATHA-Linker construct (expected 

molecular weight 45 kDa), with some contaminants. (b) A test cleavage and re-
application to IMAC resin yielded good separation, with the cleaved TATHA-Linker 

product passing through the column in the flow-through (FT) and wash, while the 
cleaved His6-GST fragment remained bound until eluted with imidazole. (c) TATHA-

Linker peptide purified in this manner was dialyzed against PBS and filtered, with little 
to no loss in yield. A high molecular weight contaminant is likely DNAK, but is present 

in much smaller amount compared to the desired peptide. (d) The peptide proved 
unstable in various media conditions at 37 °C, with degradation apparent in conditions 

ranging from 24 h in PBS to 1 h in cell-conditioned media. (e) As a control, a dilution 
series of peptide was blotted at the indicated concentrations, suggesting that media 
samples in (d) for which no signal was detected contained less than 50 nM peptide. 

3.2.4 Expression and Purification of His-TATHA-Linker 

In parallel with the purification described in section 3.2.3, an attempt to purify a 

His6-TATHA-Linker construct without the use of further tags was undertaken. The first 
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challenge was to overcome the poor expression and low solubility of this construct. To 

this end, extensive expression tests were conducted at various temperatures, all using 

500 µM IPTG for induction (Figure 27a). A general increase in expression level was 

observed with increasing temperature, with the most protein produced at 37 °C. 

However, in all samples the peptide appeared to be partitioned almost completely in the 

insoluble fraction. Several further expression tests were performed, varying IPTG 

concentration at multiple temperatures (data not shown). For most temperatures, a 

general increase in expression with IPTG concentration was observed, however in all 

cases it remained largely insoluble. Finally, the peptide was co-expressed with the 

molecular chaperones GroES and GroEL, which are reported to facilitate proper protein 

folding and enhance solubility.338 Again, His6-TATHA-Linker was observed almost 

exclusively in the insoluble fraction at each time point analyzed (Figure 27b). 

 

Figure 27: Expression Tests of the His6-TATHA-Linker Peptide. (a) Expression 
tests were conducted at various temperatures and uninduced lysate (Un), total protein 

(Pt), soluble protein (Ps), and insoluble protein (Pin) fractions compared. The black arrow 
indicates the expressed peptide (or expected location on gel). Total expression increases 
proportionally with incubation temperature, however the peptide was partitioned into 
the insoluble fraction in all cases. The highest total expression was obtained at 37 °C. (b) 
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In an attempt to solubilize expressed protein, the peptide was co-expressed with the 
molecular chaperones GroES and GroEL at 37 °C. However, no increase in soluble 

peptide was observed at any time point analyzed, indicated as hours post-induction. 

Despite these discouraging results, we attempted an IMAC purification of cells 

grown at 37 °C. Surprisingly, a band corresponding to the His6-TATHA-Linker peptide 

eluted from the column over a large volume (Figure 28a). The difference observed 

between purification results and corresponding expression tests may be a result of the 

different lysis mechanisms employed for these techniques (pressure homogenization vs 

detergent buffer, respectively; see Materials and Methods). After concentration, an 

ammonium sulfate precipitation test indicated that the peptide specifically precipitated 

at 30% AMS, and that several contaminants could be removed by a prior 20% AMS cut 

or were left in solution at 30% (Figure 28b). The resuspended peptide in PBS contained 

the desired peptide as the major species and, after sterile filtration, was ready for further 

testing (Figure 28c).  
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Figure 28: Purification of His6-TATHA-Linker. (a) The peptide eluted from 
IMAC over a large volume, along with several contaminants. (b) The IMAC elution was 

first concentrated (Conc.) and then cut with 20% AMS, which precipitated a small 
amount of a high molecular weight species. The desired peptide then precipitated at 
30% AMS, leaving only contaminants in solution (supernatant). (c) The resuspended 

30% pellet consisted primarily of the desired peptide. 

 

3.3 Expression and Purification of the Native Linker Peptide  

Ultimately, our goal is to use the CoREST Linker region for proof-of-principle 

studies to establish the LSD1/CoREST interface as a target in cells. However, prior to 

these studies we characterized the binding properties of this construct in vitro. In 

addition to the His6-TATHA-Linker construct described in section 3.2, we also wished to 

prepare a native Linker peptide for parallel analysis to ensure that the tags included for 

purification, cell penetration, and immunodetection would not interfere with its ability 

to disrupt this interaction. Native protein purification is challenging, as there is little to 

differentiate the desired protein from the more-abundant E. coli proteins in lysate. Most 
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commonly, the sequence of interest is expressed as a fusion, which is later cleaved and 

separated. Our previous work suggested that this strategy worked well with the His6-

GST-TATHA-Linker sequence. Therefore, in this section we modified this strategy such 

that the final product was the native Linker sequence. 

3.3.1 Expression and Purification of His6-GST-Linker 

Following the groundwork laid in section 3.2.3, a clone containing a His6-GST-

(TEVr)-Linker sequence was prepared. A clone of His6-GST-(TEVr)-nΔ285CoREST in the 

pET28b expression plasmid previously prepared by Dr. Jonathan Burg in our lab was 

modified by insertion of a stop codon after residue 380 such that only the linker domain 

of CoREST was expressed. Once the sequence of this mutant was confirmed, the plasmid 

was transformed into BL21(DE3) E. coli for expression. 

Protein expression conditions previously optimized by Dr. Burg for the GST- 

nΔ285CoREST were used. Cells harboring the plasmid were grown in terrific broth (TB) 

media at 30 °C and protein expression induced overnight. The desired linker protein 

was purified by its N-terminal His6 tag by metal affinity chromatography (Figure 29a). 

The protein was in good yield, but contained several lower molecular weight 

contaminants. The GST fusion was then dialyzed and further purified by cation 

exchange chromatography (Figure 29b). With this partially-purified protein a small-scale 

test cleavage with TEV protease indicated that proteolysis was successful and that 

reapplication of the cleavage mixture to IMAC resin allowed the TATHA-Linker protein 
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to pass through, while uncut His6-GST-TATHA-Linker and cleaved His6-GST were 

retained until eluted. A larger protein preparation was then subjected to TEV proteolysis 

and purification by metal affinity chromatography under the same conditions 

established with the test method. As expected, the TATHA-Linker construct passed 

through resin in the flow-through, while uncleaved His6-GST-TATHA-Linker protein 

and cleaved His6-GST were retained until eluted (Figure 29c). The TATHA-Linker 

protein was concentrated, filtered, and analyzed by SDS-PAGE (Figure 29d). Although 

the desired protein was the largest constituent, a contaminating protein of 

approximately 75 kDa was found to be DNAK with help from the Proteomics Core 

Facility. As this protein was relatively clean (Figure 29d) and obtained in good yield 

(4.83 mg/mL), it was used for preliminary biochemical analysis (see Chapter 4). 
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Figure 29: Purification of His6-GST-Linker. (a) His6-GST-CoREST (42 kDa 
expected molecular weight)was purified from E. coli lysate by metal affinity 

chromatography, (b) followed by cation exchange chromatography. (c) The partially-
purified construct was cleaved with TEV protease, yielding uncut His6-GST-Linker, 
cleaved His6-GST, and cleaved Linker. Some protein precipitated during cleavage 

(insoluble), though mostly GST proteins. Linker passed through the column in the flow-
through fractions (FT1 & 2), while GST proteins were only removed by elution (Elute1 & 
2) with imidazole. (d) The concentrated Linker construct contained the high molecular 

weight contaminant DNAK. His6-GST-Linker is indicated by a green arrow, the cleaved 
His6-GST fragment by a blue arrow, the Linker peptide by a black arrow, and major 

contaminants by a red arrow. 
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3.4 Discussion  

Through the methods described in this chapter, we successfully gained access to 

a cell permeable His6-TATHA-Linker peptide and a tag-free analog. Initially, solubility 

tags were employed to maximize the yield of this otherwise poorly-expressed protein 

fragment. Our initial attempts to purify the cell permeable version with the commonly-

used MBP tag were plagued with aberrant binding events. Specifically, after proteolytic 

cleavage of the MBP tag from the desired sequence, the resulting MBP fragments were 

unable to re-bind resin which had previously served as a preliminary purification step. 

Although this was first speculated to be a fault of the amylose resin used to affinity-

purify MBP, separation also failed after switching to metal affinity chromatography. 

Buffer conditions were then extensively examined for any component that could prevent 

reattachment of MBP to resin, however none were found to alleviate the issue and the 

desired peptide could not be separated from its tag. It is possible that the cleavage event 

elicited abnormal folding in one or both fragments. Regardless, this strategy was not 

viable for production of the desired peptide. 

By switching from an MBP to a GST tag, the purification of the peptide was 

greatly improved. The desired sequence was expressed in high quantities and, after 

chromatographic separation of the cleaved GST fragment, the peptide was obtained in 

good yield and purity. The success of the GST-fusion purification again suggests that an 

aberrant interaction between the Linker peptide and MBP tag caused the issues we 
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observed in our initial attempts, as the tag identity was the only significant difference 

between these approaches. However, the TATHA-Linker peptide was exceptionally 

unstable, with degradation observed after 24 hours at 37 °C even in a simple buffer 

solution and most likely the result of hydrolysis. Furthermore, degradation was 

apparently within 1 h of incubation in serum-supplemented media and was completely 

undetectable after 1 h in cell-conditioned media, suggesting that proteolytic events were 

introduced with each successive increase in media complexity. Similar stability profiles 

have been described for other TAT tag conjugates.339,340 and can severely impact the 

usefulness of such constructs. Simultaneously, purification of a His6-TATHA-Linker 

construct also proved successful, contrary to initial expression tests suggesting that this 

peptide was completely insoluble in lysate. This serves as a caution against heavy 

reliance on expression tests, especially when lysis conditions are significantly different 

between test samples and larger-scale preparations. Fortunately, the final product of this 

reaction proved much more stable in cell culture (see Chapter 4). 

Finally, MCF7 breast cancer cells were stably transfected with the TATHA-Linker 

sequence. This system can circumvent some of the observed issues with peptide stability 

by providing a constant source of new peptide material expressed endogenously within 

the cell. As such, they will allow long-term experiments in cell culture and will also 

permit investigations in in vivo xenograft models. With these tools in hand, we 
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proceeded to characterize the ability of the Linker peptide to inhibit the LSD1/CoREST 

interaction. 

 

3.5 Materials and Methods  

3.5.1 Cloning 

Primers were designed to amplify the desired regions with addition of required 

restriction digest sites at the 5’ and 3’ ends for each construct. Gene regions were 

amplified by PCR using PFU Turbo (Agilent) via the manufacturer’s protocol. Inserts 

were cleaned using a DNA Clean & Concentrator Kit (Zymo Research). PCR products 

and vectors were then digested with complementary restriction enzymes at 37 °C for 1 h. 

Digestion products were electrophoresed on a 0.8% agarose gel containing Midori Green 

stain for visualization (Bulldog Bio). Products of the expected size were excised from the 

gel and purified with the QIAquick Gel Extraction Kit (Qiagen). Typically inserts and 

vectors were ligated at a 3:1 ratio with either T4 ligase or the Quick Ligation Kit (NEB) 

per the manufacturer’s instructions. Ratios and incubation times were altered for failed 

reactions. Ligation products were transformed into DH5α cells (Novagen), recovered in 

LB for 1 h at 37 °C rotating at 200 rpm, and plated on LB-agar containing selection drug. 

Resulting colonies were used to inoculate LB media containing selection drug, grown to 

confluence, and DNA isolated with the Plasmid Miniprep Kit (Zymo Research). Samples 
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were submitted to Eton Biosciences for sequencing for confirmation. Mutagenesis was 

completed using the Q5 Mutagenesis Kit (NEB) per the manufacturer’s instructions. 

3.5.2 Protein Expression Tests 

Cultures were grown under the conditions indicated and 1 mL samples taken at 

the indicated time points. For each sample, cells were pelleted. For total protein samples, 

cells were resuspended in 500 µL water. For analysis of division into the soluble and 

insoluble portions, pellets were first resuspended in 100 µL BugBuster (Novagen) and 

shaken vigorously for 10 min. The insoluble portion was pelleted and the supernatant 

removed to a new tube. Both samples were then diluted to 500 µL with water. 

Approximately 3 µL of each sample were analyzed by SDS-PAGE and visualized with 

Coomassie Brilliant Blue staining. 

3.5.3 MBP-TATHA-Linker Expression and Purification 

Typically, 1 L of LB media supplemented with 0.2% glucose and 100 µg/mL 

ampicillin was inoculated to 1% with BL21(DE3) cells harboring the MBP-TATHA-

Linker fusion in the pMal-C2 expression plasmid. This culture was grown at 37 °C and 

200 rpm until an OD600 of approximately 0.5 was attained, at which point protein 

expression was induced by addition of 500 µM IPTG. Growth continued under the same 

conditions for 2-4 h, at which point cells were collected be centrifuging at 4200 x g and 4 

°C. The cell pellet was then resuspended in 25 mL Wash Buffer (20 mM Tris, 200 mM 

NaCl, 1 mM EDTA, 1 mM DTT, pH 7.4) containing 1 mM PMSF and 1X HALT Protease 
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Inhibitor Cocktail (Thermo) to prevent proteolytic degradation. Cells were lysed by 

sonication (4 iterations of 45 s at 50% max power) and the insoluble fraction pelleted at 

185,000 x g and 4 °C for 45 min. The soluble supernatant was loaded on amylose resin 

(NEB) by incubation with gentle agitation at 4 °C for 1 h. Resin was then transferred to a 

gravity-driven column and lysate eluted (flow-through). The resin was then washed as 

necessary with Wash Buffer. For on-column cleavage, 50 µg Factor Xa protease were 

added to the column, incubated with gentle agitation for several hours, and the freed 

proteins washed through with Wash Buffer. In either case, MBP proteins were then 

eluted from the column with Elution Buffer (Wash Buffer + 10 mM maltose). Eluted MBP 

fusion was dialyzed extensively against H Binding Buffer (5 mM sodium phosphate, 150 

mM NaCl, pH 6.5) and loaded onto CHT Ceramic Hydroxyapetite resin. Protein was 

eluted with a linear gradient to 100% H Elution Buffer (500 mM phosphate, 150 mM 

NaCl, pH 6.5). For off-resin cleavage, the protein was then incubated with Factor Xa at a 

mass ratio of approximately 1:200 for 2 h at room temperature. Ammonium sulfate 

precipitations were performed by well-established methods.334 

3.5.4 His6-MBP-TATHA-Linker Expression and Purification 

Cultures were grown as described for the MBP-TATHA-Linker construct 

described above. Pellets were resuspended in IMAC Wash Buffer (50 mM Tris, 300 mM 

NaCl, 100 mM imidazole, 10% glycerol, pH 8.0) supplemented with 40 µM PMSF and 1X 

HALT Protease Inhibitor Cocktail (Thermo). Cells were lysed with with three passages 
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through a C5 Emulsiflex high presser homogenizer (Avestin) at ≥15 kpsi. Insoluble 

material was pelleted at 185,000 x g and 4 °C for 45 min. The clarified supernatant was 

applied to 25 mL Ni2+-chelated IMAC resin pre-equilibrated with IMAC Wash Buffer at 3 

mL/min. The column was washed with 10 column volumes (CV) IMAC Wash Buffer and 

protein eluted over a 10CV linear gradient to 50% IMAC Elution Buffer (Wash Buffer 

with 700 mM imidazole). Typically protein was dialyzed against Dialysis Buffer (25 mM 

Tris, 10% glycerol, 1 mM DTT and 5 mM EDTA). Cleavage with TEV protease was 

performed overnight at 4 °C with gentle agitation. Reactions were then doped with 150 

mM NaCl and 5 mM imidazole (to promote binding to IMAC resin) and re-applied to a 

clean, equilibrated IMAC column. The flow-through from loading, wash(s) with IMAC 

Wash Buffer, and elution with IMAC Elute Buffer were all collected and analyzed by 

SDS-PAGE. For troubleshooting, the indicated reagents were omitted from the 

purification.  

3.5.5 His6-GST-TATHA-Linker Expression, Purification, and Stability 
Testing 

The pET28B plasmid harboring the His6-GST-TATHA-Linker construct was 

transformed in BL21(DE3) E. coli and colonies grown on LB-agar containing 50 µg/mL 

kanamycin. A single colony was used to inoculate a starter culture to confluence. From 

this culture, 4 L TB media containing 50 µg/mL kanamycin were prepared with 1% 

inoculum. These cultures were grown at 30 °C and 200 rpm until an OD600 of 

approximately 0.7 was reached, at which point the culture was equilibrated at 19 °C for 
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15 min and induced with 1 mM IPTG. Cells were incubated in this manner for 

approximately 19 h and then collected by centrifugation at 4200 x g and 4 °C. The cell 

pellet was resuspended in 50 mL IMAC Wash Buffer (50 mM Tris, 350 mM NaCl, 10 mM 

imidazole, pH 8.5) containing 40 µM PMSF and 1X HALT Protease Inhibitor Cocktail 

(Thermo). Cells were lysed with three passages through a C5 Emulsiflex high presser 

homogenizer (Avestin) at ≥15 kpsi. Insoluble material was pelleted at 185,000 x g and 4 

°C for 45 min. The clarified supernatant was applied to a pre-equilibrated 15 mL Ni2+-

chelated IMAC resin pre-equilibrated with IMAC Wash Buffer at 3 mL/min. The column 

was washed with 20 CV IMAC Wash Buffer and protein eluted over a 20 CV gradient to 

100% IMAC Elution Buffer (IMAC Wash Buffer with 500 mM imidazole) at 4 mL/min. 

Protein was eluted directly into 5 mM βME and 1 mM EDTA. Fractions containing the 

desired protein were combined in 10 kDa MWCO dialysis tubing (Thermo) and dialyzed 

extensively against TEV Cleavage Buffer (25 mM Tris, 150 mM NaCl, 5 mM βME, pH 

8.0) at 4 °C. Dialyzed protein was then cleaved with the addition of approximately 0.55 

mg His6-TEV protease at4 °C for 4 h. The small amount of precipitation resulting from 

this step removed by centrifugation at 4200 x g and 4 °C. The cleavage reaction was re-

applied to 15 mL Ni2+-chelated IMAC resin pre-equilibrated with IMAC Wash Buffer. 

The flow-through, wash with IMAC Wash Buffer, and elution fractions were collected. 

The flow-through and wash fractions were combined and concentrated to 

approximately 2 mL in a 3 kDa MWCO centrifugal filter, centrifuging at 4500 x g for 20 
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min intervals at 4 °C. The protein was then dialyzed against PBS containing 5 mM βME 

at pH 7.4 and the resulting solution sterile filtered through a Tuffryn syringe filter (Pall). 

To test the stability of this product in cell culture, samples of 500 nM peptide 

were prepared with either PBS, simple media (containing no FBS), complete media 

(supplemented with 8% FBS), complete media that had been heat-treated at 56 °C for 30 

min to denature proteins prior to peptide addition, or media taken from the supernatant 

of growing MCF7 cells. All samples were incubated at 37 °C for either 1 h or 24 h. 

Samples were separated by SDS-PAGE and the peptide blotted for with an α-HA 

antibody (Roche). Media used was DMEM/F12 (Gibco) either pure or supplemented 

with 8% FBS (Sigma). 

3.5.6 His6-TATHA-Linker Expression and Purification 

The CoREST Linker sequence (residues 293-380) was amplified by PCR and 

inserted by restriction digest cloning into the pTATHA plasmid.336 This plasmid was 

transformed into C43(DE3) E. coli and plated on LB-agar with 100 µg/mL ampicillin. A 

single colony was used to inoculate a starter culture, which was grown to confluence at 

37 °C and 200 rpm. The starter culture was added to 4 – 1 L flasks containing TB media 

and 100 µg/mL ampicillin to 1% inoculum. Cultures were grown at 37 °C and 200 rpm 

until an OD600 of approximately 0.5 was attained, at which point protein expression was 

induced by addition of 500 µM IPTG. Cell growth was continued under the same 

conditions for 5 h, and then collected by centrifugation at 4200 x g and 4 °C. The pellet 



 

129 

was resuspended in 40 mL Lysis Buffer (50 mM phosphate, 300 mM NaCl, 20 mM 

imidazole, pH 7.8) containing 40 µM PMSF and 1X HALT Protease Inhibitor Cocktail. 

Cells were lysed with at least 3 passes through a C5 Emulsiflex high pressure tissue 

homogenizer at ≥15 kpsi, with additional passages executed as necessary to homogenize 

this particularly viscous prep. Insoluble material was pelleted at 185,000 x g and 4 °C for 

45 min. The clarified lysate was applied to a 15 mL Ni2+-chelated IMAC column pre-

equilibrated with Lysis Buffer at 4 mL/min. The column was washed at 4 mL/min with 

10 CV Wash Buffer (Lysis Buffer with 100 mM imidazole), Protein was eluted over an 8 

CV gradient to 100% Elution Buffer (Lysis Buffer with 700 mM imidazole), with an 

additional 3 CV hold at 20% Elution Buffer. Protein was eluted directly into 1 mM EDTA 

and 1 mM DTT. Fractions containing the desired protein were combined and 

concentrated in a gas-driven Amicon through a 3 kDa MWCO filter to a total volume of 

10-25 mL. The concentrated protein was then subjected to a 20% AMS precipitation, with 

AMS added very slowly into a stirred solution at 4 °C. After 1 h, precipitated protein 

was pelleted at 2000 x g and 4 °C for 10 min. The supernatant was subjected to another 

precipitation up to 30% AMS. After 1 h precipitated protein was collected as before. This 

pellet, which contained the desired peptide, was resuspended in PBS containing 1 mM 

DTT. The resulting solution was filtered through a 0.2 µm Tuffryn syringe filter. 
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3.5.7 His6-GST-Linker Expression and Purification 

The pET28B plasmid harboring the His6-GST- Linker construct was transformed 

in BL21(DE3) E. coli and colonies grown on LB-agar containing 50 µg/mL kanamycin. A 

single colony was used to inoculate a starter culture to confluence. From this culture, 1 L 

TB media containing 50 µg/mL kanamycin was prepared with 1% inoculum. These 

cultures were grown at 30 °C and 200 rpm until an OD600 of approximately 0.4 was 

reached, at which point the culture was equilibrated at 19 °C for 15 min and protein 

expression induced with 1 mM IPTG. Cells were incubated in this manner for 

approximately 19 h and then collected by centrifugation at 4200 x g and 4 °C. The cell 

pellet was resuspended in 40 mL IMAC Wash Buffer (50 mM Tris, 350 mM NaCl, 10 mM 

imidazole, 5 mM βME, pH 7.5) containing 40 µM PMSF and 1X HALT Protease Inhibitor 

Cocktail (Thermo). Cells were lysed with three passages through a C5 Emulsiflex high 

presser homogenizer (Avestin) at ≥15 kpsi. Insoluble material was pelleted at 185,000 x g 

and 4 °C for 45 min. The clarified supernatant was applied to a pre-equilibrated 15 mL 

Ni2+-chelated IMAC resin pre-equilibrated with IMAC Wash Buffer at 3 mL/min. The 

column was washed with 10 CV IMAC Wash Buffer and protein eluted over a 20 CV 

gradient to 100% IMAC Elution Buffer (IMAC Wash Buffer with 500 mM imidazole) at 4 

mL/min. Fractions containing the desired protein were combined in 10 kDa MWCO 

dialysis tubing (Thermo) and dialyzed extensively against SP Wash Buffer (25 mM Tris, 

150 mM NaCl, 5 mM βME, pH 7.5) at 4 °C. Dialyzed protein was then applied to a 20 mL 
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SP Sepharose column at 3 mL/min. Resin was washed with 10 CV SP Wash Buffer and 

protein eluted over a 20 CV gradient to 100% SP Elution Buffer (SP Wash Buffer with 1 

M NaCl). Protein cleaved with His6-TEV protease overnight at 4 °C. A small amount of 

precipitant was removed by centrifugation and the supernatant applied to a 15 mL 

IMAC column. The column was washed with SP Wash Buffer to elute unbound 

TATHA-Linker peptide, which was concentrated to ~2 mL, filtered through a Tuffryn 

syringe filter, and the concentration determined by UV absorption. 
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4. In Vitro Validation of the First-Generation Probe 
In the previous chapters we demonstrated that the LSD1/CoREST interaction is a 

target of potential therapeutic value. In this chapter, we demonstrate that the CoREST 

Linker region possess equal or slightly greater affinity for LSD1 compared to full-length 

CoREST, but that smaller fragments were incapable of competing with CoREST. Hence 

we chose to move forward with the entire Linker region as a first-generation probe of 

the LSD1/CoREST complex. We further developed protocols to gain access to the 

CoREST Linker region (residues 293-380) by recombinant expression in E. coli. Both a 

tag-free iLCC peptide, hence forth termed the inhibitor of the LSD1/CoREST complex 

(iLCC), and a cell permeable analog (iLCCcp) were prepared. With these tools in hand, 

we next sought to examine the probe’s ability to disrupt the LSD1/CoREST complex and 

its behavior in cells. These studies established the characteristics of our first generation 

probe and laid the groundwork for work in the following chapters. 

4.1 iLCC Specifically Binds the LSD1 Tower Domain 

Specificity of the iLCC probe for the LSD1 Tower domain was first established 

with a pull-down assay (Figure 30a). Several proteins were first expressed and purified 

from E. coli. In addition to full-length LSD1, a LSD1ΔTower mutant,309 and a GST fusion 

of the isolated LSD1 Tower domain (GST-Tower) were prepared to test the necessity and 

sufficiency of the Tower for binding the iLCC. A GST fusion of the CoREST C-terminal 

linker and SANT2 domains (GST-CoREST-C) and the GST protein were also prepared as 
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controls. Each protein was purified with a N-terminal His6 tag, such that all retained 

affinity for metal-chelated IMAC resin. To test the specificity of our probe, each protein 

was immobilized on IMAC resin and mixed with an equimolar amount of iLCC. After 

incubation, unbound proteins were removed as flow-through, the resin was washed, 

and bound proteins were eluted. Fractionation of proteins into each portion was 

analyzed by SDS-PAGE (Figure 30b). 

Some non-specific binding of iLCC to the IMAC resin was detected in a control 

sample containing only resin (Figure 30b, resin control). However, significant 

enrichment in iLCC in the bound fraction was observed for the immobilized LSD1 and 

GST-Tower samples, accompanied by and absence of iLCC in the flow-through. 

Conversely, significantly less iLCC was retained by GST, GST-CoREST-C, and the 

LSD1ΔTower mutant. To illustrate this point further, the iLCC bands in the bound and 

flow-through fractions were quantified by densitometry and presented as the percent of 

total with the resin control background subtracted (Figure 30c). This further illustrates 

the significantly enhance binding interaction with the Tower domain. Together, these 

results suggest that the iLCC probe specifically binds LSD1 and that the Tower domain 

is necessary and sufficient for the interaction. 
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Figure 30: The iLCC Probe Specifically Bind the LSD1 Tower Domain. (a) In 
the pull-down assay employed, His6-tagged proteins are immobilized on IMAC resin 
and incubated with iLCC peptide. iLCC that bind the protein remains in the Bound 

fraction while unbound iLCC is partitioned into the Flow-through (FT) fraction. (b) SDS-
PAGE analysis of iLCC pull-down fractions demonstrate enrichment iLCC in the LSD1 
and GST-Tower samples with a concomitant absence in the FT. Conversely, less iLCC 
remained in the Bound fraction for LSD1ΔTower, GST, and GST-CoREST-C. (c) The 

percent iLCC found in the Bound and FT fractions is presented, with the resin control 
subtracted as background. This further illustrates that the Tower domain is necessary 

and sufficient to bind the iLCC probe. 

4.2 iLCC Competes for LSD1 Binding but Does Not Disrupt Pre-
Formed LSD1/CoREST Complexes 

Our next objective was to determine if the iLCC peptide was capable of targeting 

the LSD1/CoREST complex. For this purpose, a pull-down assay was employed in which 

GST-CoREST-C was immobilized on glutathione resin, which specifically interacts with 
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GST and should have no affinity for LSD1. Two iterations of this assay were performed: 

one in which iLCC was mixed with immobilized GST-CoREST-C prior to addition of 

LSD1 and a second variation in which LSD1 was incubated with immobilized GST-

CoREST-C prior to addition of the iLCC. These two modifications represent nuanced but 

critical differences. In the first case (Figure 31a), GST-CoREST-C and iLCC are placed in 

direct competition with each other upon addition of LSD1. In the second case, pre-

incubation presumably results in a pre-formed LSD1/CoREST complex, which must then 

be disrupted by the iLCC for LSD1 to be partitioned into the flow-through (Figure 31b). 

Experiments performed in this way were partitioned into bound and flow-through 

fractions and analyzed as described in the previous section. 

Under the direct competition conditions, LSD1 is indeed sequestered away from 

immobilized GST-CoREST-C and into the flow-through fraction as a function of iLCC 

concentration (Figure 31c), indicating that the iLCC can orthosterically prohibit 

formation of the LSD1/CoREST complex. Conversely, titration of iLCC against pre-

formed LSD1/CoREST complex resulting in no increase of LSD1 in the flow-through 

fraction. Similar experiments with the cell permeable iLCCcp construct afforded the 

same observations (data not shown). Hence we conclude that the iLCC cannot disrupt 

existing complexes. This corresponds with our previously work that measured a slow 

off-rate for dissociation of the LSD1/CoREST complex. Although we predict that this 
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probe will not be able to inhibit standing complexes in the cellular environment, it likely 

will be able to compete for free LSD1 within the cell. 

 

Figure 31: The iLCC Competes for LSD1 but Does Not Disrupt a Pre-Formed 
Complex. (a) In one pull-down assay, we tested the ability of the iLCC probe to directly 
compete with GST-CoREST-C for LSD1 binding. (b) In a slightly altered assay, we tested 

the ability of iLCC to disrupt a pre-formed LSD1/CoREST complex. (c) The pull-down 
assay corresponding to the conditions in (a) demonstrated dose-depended sequestration 

of LSD1 away from immobilized GST-CoREST-C and into the flow-through (FT) as a 
function of iLCC, as quantified in the lower panel. (d) The pull-down assay 

corresponding to conditions in (b) indicate no change in LSD1 fractionation as a function 
of iLCC, suggesting that the probe is incapable of disrupting existing complexes. 

4.3 iLCCcp Stability in Cell Culture 

With the binding profile of the iLCC peptide characterized, we next set our 

sights on in-cell experiments. Before probing the effect of the cell permeable iLCCcp 

peptide on cells, we first established its stability in the cellular environment. In our 

initial attempts, MCF7 cells were treated with iLCCcp and samples of cells or 

supernatant collected after various amounts of time. Cells were lysed by standard 
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methods in radioimmunoprecipitation (RIPA) buffer containing detergent and both 

lysates and media samples probed for presence of the iLCCcp by western blot with an α-

HA antibody (Figure 32a). Under these conditions, the iLCCcp peptide appeared to be 

rather unstable, with no signal detected using an anti-HA antibody after 24 h post-

treatment in lysates and 48 h post-treatment in the supernatant. To ensure no 

interference from post-collection handling of samples, lysis conditions were tested for 

their effect on iLCCcp stability. The peptide was incubated either in RIPA buffer only, or 

untreated MCF7 lysate prepared in RIPA buffer for various lengths of time and probed 

as before (Figure 32b). Although RIPA buffer alone had little effect on iLCCcp stability, a 

significant decrease in signal was observed after 60 min in MCF7 lysate. Hence it is 

likely that the peptide alone is stable, but that it is susceptible to degradation in lysate, 

most likely due to the presence of endogenous proteases. These proteolytic events could 

occur continuously in the cell, severely limiting the intracellular concentration of 

peptide, or may be released post-lysis and only cleave the peptide during sample 

handling. We therefore performed a time course of iLCCcp treatment in MCF7 cells 

again, testing both cell lysate and the media supernatant, but this time lysing MCF7 cells 

by boiling, which should also inactivate many proteases (Figure 32c). Fortuitously, a 

significant increase in signal was observed, with substantial peptide detected even at 24 

h, suggesting that much of the observed degradation was indeed due to cell processing. 

In many samples, a conspicuous lower molecular weight band appeared, indicating that 
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some in-cell cleavage events may still affect the intracellular pool. However, enough 

iLCCcp survived in the cellular environment for at least 24 hours to allow further 

experiments. 

 

Figure 32: Stability of the iLCCcp Peptide in Cells. (a) In initial studies, MCF7 
cells treated with the peptide (black arrow) for the indicated amounts of time, were 

lysed and probed for the peptide via its HA tag. However, no signal was observed after 
24 h in lysates. (b) To test if lysis conditions affected iLCCcp stability, the peptide was 

incubated with either RIPA lysis buffer or MCF7 cell lysate in RIPA buffer for the 
indicated amounts of time. Although RIPA buffer alone did not affect stability, some 

degradation was observed in lysate. (c) MCF7 iLCCcp treatment was examine again, this 
time with cell lysis accomplished by boiling. Both lysates (top panel) and the cell media 

supernatant (lower panel) were probed at the indicated time points. In both cases, 
significantly more iLCCcp (black arrow) is observed compared to lysis in buffer. A 

conspicuous lower molecular weight band was observed at time points beyond 1 h. NT 
indicates no treatment. 

Interestingly, Figure 32c also permits a glimpse of peptide uptake kinetics. The 

peptide enters cells rapidly, with some apparent uptake occurring even in the short 
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amount of time between treatment and immediate collection in the “0 hour” time point. 

Between approximately 0.5 h and 1 h the total peptide population appears to be in 

equilibrium between intra- and extracellular spaces. However when the total signal 

between the two fractions begins to wane at 3.5 hours, a larger percent of the peptide is 

sequestered into cells compared to the media. Hence the localization dynamics work in 

favor of extended intra-cellular “on-times.” 

4.4 iLCC Traverses the Cell Membrane and Accumulates in the 
Nucleus 

The binding profile of our iLCC probe portended its ability to sequester free 

LSD1 in the cellular environment. Therefore, our efforts next shifted to confirming its 

ability to traverse the cell membrane, and particularly to reach the nucleus where LSD1-

regulated transcriptional events occur. Towards this end, MCF7 breast cancer cells were 

treated with a gradient of iLCCcp peptide. After a brief incubation, cells lysates were 

probed for the presence of iLCCcp by western blot of its HA tag (Figure 33a). As 

expected, a dose-dependent increase in signal was observed. Our peptide is therefore 

able to enter the cell cytosol. We next examined localization of the probe within cells. 

MCF7 cells were again treated with iLCCcp for a brief time, stained with a fluorescent α-

HA antibody, and visualized under a fluorescent microscope (Figure 33b). Nuclear 

localization was indeed observed, as the peptide-specific fluorescent signal overlapped 

with the nuclear DAPI stain. This is consistent with previous reports that the TAT tag 

can mediate nuclear accumulation in as little as 10 minutes post-treatment.337 
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Figure 33: The iLCCcp Traverses the Cell Membrane and Accumulates in the 
Nucleus. (a) MCF7 cells were treated with the indicated iLCCcp peptide concentrations 
and, after a brief incubation, lysates were blotted for iLCCcp via its HA tag. The peptide 
was dose-dependently taken up by cells. (b) MCF7 cells were again treated with iLCCcp 

and cells stained with the nuclear stain DAPI (blue) and a fluorescent HA antibody 
(orange). The two signals overlapped, indicating that the peptide probe localized to the 

nucleus. 

4.5 iLCCcp Binds the LSD1 Tower Domain in a Cellular 
Environment 

We have demonstrated that the iLCCcp construct is capable of binding the LSD1 

Tower domain and even competing with CoREST for this interaction in vitro. Thus, after 

confirming successful delivery of the probe, we next assessed the probe’s ability to bind 

this Tower domain in a cellular environment, which is naturally much more complex 

than our studies with isolated proteins. We therefore co-immunoprecipitated LSD1 and 

the iLCCcp peptide via its HA tag from MCF7 lysates (Figure 34a). HA pull-down of the 

iLCCcp was rather inefficient, however an LSD1 band of approximately equal intensity 

co-precipitated. Notably, imunoprecipitation of LSD1 also pulled-down a large CoREST 
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band. We therefore conclude that our peptide is able to form an interaction with LSD1 in 

cells, but does not affect the existing pool of LSD1/CoREST complex. These results are in 

line with our previous in vitro binding experiments. 

To investigate this interaction further, we used siRNA to knocked-down CoREST 

in MCF7 cells and observed a concomitant decrease in LSD1 protein levels (Figure 34b). 

A similar interdependence between these two proteins has been described previously, 

where CoREST knock-down resulted in LSD1 proteosomal degradation.109 However, 

addition of our iLCCcp peptide partially rescued LSD1 protein levels. We speculate that 

this rescue is due to binding and stabilization of the LSD1 Tower domain. These results 

are consistent with our analysis in Chapter 2, where we found smaller fluctuations in 

Tower domain residues in CoREST-bound crystal structures compared to structures of 

LSD1 in isolation.  

 

Figure 34: The iLCCcp Probe Interacts with LSD1 in Cells. (a) 
Immunoprecipitation of LSD1 from MCF7 lysate co-purified with CoREST, even in the 
presence of iLCCcp. However, immunoprecipitation of the iLCCcp by its HA tag also 
pulled-down LSD1. (b) siRNA knockdown of CoREST in MCF7 signficantly decreases 
both CoREST and LSD1 protein levels, however the iLCCcp is able to partially rescue 

LSD1 protein levels, presumably by stabilizing the LSD1 Tower. 
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4.6 LSD1 Inhibition by iLCCcp 

We have demonstrated that the iLCCcp construct is capable of binding the LSD1 

Tower domain. As discussed in Chapter 2, the Tower domain does not affect LSD1 

chemistry per se, but is required to facilitate interaction with CoREST and subsequent 

demethylation events. As such, we did not expected our inhibitor to affect LSD1 

catalysis against histone peptides in vitro, but to nevertheless inhibit demethylation 

events in cells. 

To test this hypothesis, we first employed a LSD1 enzyme assay that has been 

previously described.46,54 Briefly, this assay measures production of the LSD1 

demethylation byproduct hydrogen peroxide by coupling it to horse radish peroxidase 

(HRP)-mediated conversion of Amplex Red to resorufin, which can be monitored by 

fluorescence. An assay was performed in this manner, titrating a dilution series of 

iLCCcp against LSD1. However, during assay setup it was noted that a mixture of 

iLCCcp, HRP, and the HRP substrate Amplex red appeared much less vibrant than a 

control mixture with no iLCCcp prior to addition of LSD1, suggesting that our inhibitor 

interfered with the HRP or its substrate. Due to this inconsistency, we performed an 

assay by titrating iLCCcp against HRP, using the same Amplex Red substrate as a read-

out (Figure 35a). An iLCCcp-dependent decrease in fluorescence was observed, which 

was also visually apparent during assay setup (Figure 35b). Clearly our peptide 

interferes with either HRP or Amplex Red. Although the reason for this is currently 
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unknown, this interference renders this assay unsuitable for use with our peptide 

inhibitor. 

Although we were unable to test our peptide with an in vitro LSD1 activity assay, 

we were able to test its ability to inhibit demethylation in cells. To this end, MCF7 cells 

were treated with 1.5 µM iLCCcp for various amounts of time, after which histones were 

extracted and analyzed for histone H3 lysine 4 di-methylation (H3K4me2) by western 

blot (Figure 35c,d). Very little if any change in di-methylation was discernable with 

increased time compared to a H3 loading control. This is consistent with previous 

reports by Mohammad and coworkers at GSK, who report that a highly-selective LSD1 

inhibitor caused less than a 2-fold increase in global H3K4me2 levels.341 Presumably, our 

inhibitor targets an even small pool of LSD1 compared to this inhibitor, which likely 

interacts with all available enzyme regardless of binding partners. Therefore it is not 

surprising that we do not see a significant change in global histone methylation marks. 
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Figure 35: The iLCCcp Peptide in LSD1 Inhibition Assays. (a) Titration of 
iLCCcp against HRP and its substrate Amplex Red resulted in a decrease in 

fluorescence. (b) This interference was clearly discernable visually as well, indicated that 
this system was unsuitable as a coupled read-out of LSD1 activity with our peptide. (d) 

Histones extracted from MCF7 cells treated with 1.5 µM iLCCcp for the indicated 
amounts of time experienced little to no change in histone 3 lysine 4 di-methylation 
(H3K4me2) levels compared to H3 loading controls. (d) Quantification of H3K4me2 

bands in (c), normalized to their respectively H3 bands shows little change in histone 
methylation as function of iLCCcp treatment. 

4.7 Discussion 

In this chapter we report preliminary characterization of our iLCC inhibitor in 

vitro and in cell culture. Using a pull-down assays with purified proteins, we found that 

the Tower is both necessary and sufficient for iLCC interaction. In a similar manner, we 

established that the iLCC can compete with a larger CoREST protein for LSD1 binding 
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when placed in direct competition. This is reasonable, as the iLCC, possesses similar 

affinity for LSD1 compared to CoREST,47 and is therefore equally likely to associate with 

free LSD1. However, we also found that it is unable to disrupt pre-formed 

LSD1/CoREST complexes. This is also not surprising, considering the slow off-rate we 

have previously reported for the LSD1/CoREST complex.47 Ostensibly, this long-lived 

interaction between LSD1 and CoREST does not allow the iLCCcp access to the binding 

surface. These results suggest that in cells the iLCCcp will be able to sequester free 

LSD1, but will leave existing LSD1/CoREST complexes unaltered. Disruption of these 

pre-formed complexes will likely require higher-affinity orthosteric disruptor probes. 

An alternative strategy may be an allosteric inhibitor that shifts the Tower into a 

conformation that forces release of CoREST. However, at present no such inhibitor has 

been described to the best of our knowledge. 

We furthermore established that the iLCCcp indeed traverses the cell membrane 

in a dose-dependent manner and accumulates in the nucleus. Once in the cell, the 

iLCCcp associates with LSD1, although a significant portion of LSD1 remains in 

association with CoREST. These results are in agreement with our in vitro binding assay, 

which suggests the iLCCcp is incapable of disrupting pre-formed complexes. It is 

interesting to speculate that the iLCCcp may be sequestering the pool of newly-

transcribed LSD1 before it associates with binding partners. In this case, a probe that 

localizes to the cytoplasm may be advantageous compared to one that localizes to the 
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nucleus. Interestingly, preliminary data suggests that switching the TAT tag for an poly-

arginine sequence, another known CPP, indeed localizes our peptide to the cytoplasm 

(Figure 36). Future work will determine if this alteration enhances our probe’s ability to 

sequester LSD1. Additionally, we found that LSD1 protein levels are reduced by 

CoREST knock-down, but that they are at least partially rescued by addition of our 

inhibitor. We speculate that this stabilization results from iLCCcp binding, as we have 

previously illustrated that this induces a rigidification of Tower domain residues (see 

Chapter 2). 

 

Figure 36: An Arg9-HA-Linker Peptide Localizes to the Cell Cytoplasm. 
Replacing the TAT cell permeability tag with a poly-arginine (Arg9) tag alters 

localization from the to nucleus (stained blue with DAPI) to the cytoplasm of MCF7 
cells. The peptide was identified by its HA tag and stained red. 

Finally, we examined the iLCCcp for inhibition of LSD1. Unfortunately, our 

peptide proved incompatible with an HRP-coupled assay. Fluorescence of the read-out 

substrate was decreased by our peptide in a dose-dependent manner, even in the 

absence of LSD1. We were therefore unable to access the effect of the iLCCcp on LSD1. 

However, as CoREST does not influence LSD1 catalytic activity, we speculate that our 

peptide similarly leaves it unaffected. We also found that histone di-methylation levels 
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were unaffected on a global level by our peptide in MCF7 cells. Although at first pass 

this suggests a lack of activity in cells, it is perhaps not surprising. Mohammad and 

coworkers reported that an exceptionally selective LSD1 small molecule inhibitor 

elicited less than a 2-fold increase in global methylation levels. It is feasible that our 

inhibitor, which appears to target only free LSD1 within the cells, elicits and even 

smaller change. It is possible that only methylation at a specific subset of promoter is 

affected, and that this alteration is too small to observe by probing the global histone 

pool. 

In conclusion, our iLCCcp probe is specific for the LSD1 Tower domain. In cells, 

it localizes to cell nuclei and targets a subpopulation of LSD1 in cells. By characterizing 

its characteristics in the cellular environment, we have laid the groundwork to probe the 

importance of LSD1 Tower domain interactions with this first generation inhibitor. 

4.8 Materials and Methods 

4.8.1 Immobilized Protein Pull-Down and Competition Assays 

Unless otherwise noted, 0.3 nmole of the indicated proteins were immobilized on 

20 µL of either Ni2+-chelated IMAC resin or Glutathione Fast Flow resin (GE Healthcare) 

for His6-tagged or GST-tagged proteins, respectively. For direct the competition assay, 

GST-CoREST-C and the iLCC peptide were incubated together with resin for 1 h prior to 

addition of LSD1. To test the ability of the iLCCcp to disrupt pre-formed the 

LSD1/CoREST complex, LSD1 and GST-CoREST-C were incubated together for 1 h prior 
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to addition of iLCCcp. All final combinations of proteins were incubated overnight with 

gentle agitation at 4 °C. Resin was then gently pelleted and the supernatant liquid 

removed as “flow-through.” The resin was then washed three times with 400 µL PBS. 

The “bound” fraction was eluted from resin by boiling in 2X SDS Loading Buffer for 2 

min at 95 °C. All samples were analyzed by SDS-PAGE and densitometry analysis 

performed in ImageJ. 

4.8.2 General Cell Culture 

MCF7 cells were cultured in DMEM/F12 media supplemented with 8% FBS 

(Sigma), 0.1 mM non-essential amino acids, and 1 mM sodium pyruvate. Cells were 

grown at 37 °C in 5% CO2. For knockdown, cells were treated with CoREST siRNA 

(Invitrogen) for 2 days following the manufacturer’s protocol. 

4.8.3 Detection of Proteins in Cell Culture 

MCF7 cells were treated with peptide for the indicated amounts of time. 

Importantly, cells were treated such that all reached the experimental end point at the 

same time to avoid degradation of samples during storage. Where indicated, samples of 

the media supernatant were also collected at these time points. Initially, cells were 

collected and lysed  by rotating for 30 min in RIPA buffer (50 mM Tris (pH 8.0), 200 mM 

NaCl, 1.5 mM MgCl2, 1% Nonidet P-40, 1 mM EDTA, 10% glycerol, 20 mM NaF, 2 mM 

Na3VO4, 2 mM PMSF, 1X HALT Protease Inhibitor Cocktail) at 4 °C. Cell debris was 

pelleted and supernatants collected. The total protein concentration of each sample was 
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measured by Bradford assay and equal amounts of total protein for each sample 

separated by SDS-PAGE. Following the discovery that this led to degradation of the 

peptide, collected cells were instead lysed by boiling at 100 °C for 10 min in 2X SDS 

Load Buffer, followed by SDS-PAGE separation. Proteins were then transferred to PVDF 

and the peptide detected by staining with an α-HA antibody (Roche) at a 1:2000 

dilution. 

For histone methylation analysis, cells were treated as indicated and lysed in 6- 

µL RIPA buffer as described above. The insoluble portion was pelleted at 14,000 rpm for 

10 min. This pellet was resuspended in 200 µL 0.4 N H2SO4 and vortexed vigorously at 4 

°C for 1 h. The insoluble portion was pelleted as before and supernatants extracted. 

Histones were precipitated by treatment with 25% trichloroacetic acid (TCA) on ice for 

30 min. Histones were pelleted as before, washed with acetone, and resuspended in 

water. Concentrations were measured by BCA assay. For western blot analysis, 75 ng 

histone extract were detected with a 1:10000 dilution of α-H3 (abcam) and 350 ng were 

analyzed with a 1:2000 dilution of α-H3K4me2 (abcam). 

4.8.4 iLCCcp Cellular Localization 

MCF7 cells were plated on glass coverslips at 60-70% confluence and treated 

with peptide for 48 h. Cells were then washed in PBS and fixed with 4% formaldehyde 

for 10 min at room temperature. Cells were washed again with PBS and permeabilized 

in PBST buffer (PBS containing 0.1% Triton X-100) for 10 min at room temperature. Cells 
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were then washed again with PBS and blocked with 5% donkey serum (Sigma) in PBST. 

Cells were then stained with an α-HA antibody (Roche) at 100 µg/mL for 1 h at room 

temperature. Cells were washed again and then co-stained with a fluorescent secondary 

antibody and 4’,6-diamidino-2-phenylindole (DAPI). Coverslips were then mounted on 

slides and visualized on an Axio Imager (Zeiss) inverted fluorescent microscope. 

4.8.5 Co-immunoprecipitation 

Confluent MCF7 cells in 10 cm dishes were treated as indicated, washed with 

PBS, and collected by scraping in 500 µL Lysis Buffer A (50 mM Tris HCl (pH 8.0), 400 

mM NaCl, 2 mM EDTA, 0.5% NP-40, 1 mM NaF, 1 mM Na3VO4, 1X HALT Protease 

Inhibitor Cocktail (Thermo)). Cells were rotated for 15 min at 4 °C to lyse and then 

diluted with 750 µL Lysis Buffer B (Lysis Buffer A without salt) and rotated for an 

additional 15 min. Cell debris was pelleted by centrifugation and supernatants extracted. 

Lysates were pre-cleared with 60 µL Protein A/G PLUS-Agarose beads (Santa Cruz) 

rotating at 4 °C for 1 h. A sample of lysate was saved for “input” controls. For pull-

downs, 2 µg of the indicated antibodies were added to aliquots of the remaining lysate 

and rotated at 4 °C overnight. Antibody-bound fractions were precipitated with 50 µL 

Protein A/G  PLUS-Agarose beads rotating at 4 °C for 2 h. Beads were washed with PBS 

and proteins released by boiling in 50 µL 2X SDS Loading Buffer at 100 °C for 5 min. 

Precipitated proteins were detected by western blotting. 
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4.8.6 HRP Inhibition Assay 

A 3-fold dilution series of iLCCcp was prepared in buffer containing 50 mM Tris 

(pH 7.8), 0.01% CHAPS, and 50 µM Amplex Red. Controls including no Amplex Red 

and no iLCCcp were also prepared. The assay was initiated with addition of HRP to a 

final concentration of 1 U/mL. All samples were prepared to a final volume of 90 µL in a 

half-volume opaque plate. Assays were run at 25 °C and fluorescence monitored at 535 

nm excitation and 597 nm emission on a fluorescence plate reader (Molecular Devices 

SpectraMax Gemini EM).  
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5. Disrupting LSD1 Interactions in Estrogen Signaling 
Having established the in vitro properties of our iLCCcp inhibitors, we next 

pursued a model system to test the effects of LSD1 interaction disruption. In some 

preliminary investigations, we highlighted an interesting contradiction in the effects of 

LSD1 small molecule inhibition and siRNA-mediated knockdown in breast cancer. 

Finding that the presence, and not necessarily the chemistry, of LSD1 is particularly 

important in this system, we selected it as a testing ground for our inhibitor. 

Administration of our iLCCcp molecule had little effect on the proliferation potential of 

a breast cancer in vivo model, however we found that it instead modulated a subset of 

estrogen-stimulated activities. As such, this proof-of-principle trial suggests that protein-

protein disruption is an alternative form of inhibition and can potentially target specific 

functions of an enzyme. 

5.1 The Role of LSD1 in Estrogen Receptor α-Positive Breast 
Cancer 

For years LSD1 has been investigated as a potential therapeutic target in cancer. 

Particularly, roles in leukemia, neuroblastoma, colorectal cancer, breast cancer and 

prostate cancer have been described.45 Recently, Mohammad and coworkers at 

GlaxsoSmithKlein (GSK) have reported significant progress in this field with the 

development and characterization of a series of highly potent and selective LSD1 

inhibitors.341 These inhibitors have KIapp values in the low micromolar to high nanomolar 
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range and do not inhibit other closely-related amine oxidase enzymes, such as LSD2, 

monoamine oxidase A (MAO-A), and monoamine oxidase B (MAO-B). The authors 

report that acute myeloid leukemia (AML) and small cell lung carcinoma (SCLC) cell 

lines were particularly sensitive to treatment with these inhibitors and, at the time of this 

publication, were recruiting for clinical trials of their inhibitors in both diseases. 

We noted a conspicuous omission of breast cancer cell lines in this study, despite 

literature precedent for the inhibitory effects of LSD1 inhibition on proliferation.83,147,154,342 

Upon closer inspection, we found that these precedent-setting studies typically used 

high concentrations (millimolar) of relatively non-specific LSD1 inhibitors. These 

inhibitors typically include the non-specific monoamine oxidase inhibitors Parnate 

(tranylcypromine) and phenylzine and the MAO-B inhibitor pargyline (Figure 37a). Our 

lab has previously demonstrated that although non-selective, Parnate and phenylzine 

indeed inhibit LSD1 activity, while pargyline had no affect up to a concentration of 5 

mM in vitro.81 Curious if the observed effects on breast cancer models were indeed the 

result of LSD1 inhibition, we compared these commonly used LSD1 inhibitors against 

the highly-selective GSK-LSD1 compound for their effects on proliferation of MCF7 

breast cancer cells (Figure 37b). Interestingly, the non-selective inhibitors decreased 

proliferation to a greater extent than GSK-LSD1, which only elicited a moderate decrease 

in growth rate even at the extreme concentration of 10 mM. This is the inverse effect we 

would expect if the true anti-proliferative effects of these molecules stemmed from LSD1 



 

154 

inhibition. Therefore, we conclude that the results demonstrated thus far are most likely 

due to off-target effects and that great caution should be taken when using these non-

selective inhibitors to infer LSD1 activity. 

 

Figure 37: LSD1 Inhibitors in Breast Cancer Proliferation Assay. (a) The LSD1 
inhibitors GSK-LSD1, Parnate, pargyline, and phenylzine are commonly used to study 
LSD1 activity, although the latter three also inhibit other amine oxidase enzymes. (b) 
Treatment of the breast cancer cell line MCF7 with these molecules resulted in greater 
inhibition in the non-specific inhibitors compared to GSK-LSD1, suggesting off-target 
effects. As a control, the estrogen receptor antagonist Fulvestrant is included in red. 

Despite the relatively insignificant effect of selective LSD1 inhibition on breast 

cancer cell proliferation, there is a well-established role for this enzyme in breast cancer 

function and particularly as a regulator of the estrogen receptor alpha (ERα). ERα is the 

main transducer of estrogen signaling in breast tissue, and can promote aberrant, 

estrogen-fueled proliferation in malignancies. ERα has myriad functions, however one 

emerging theme is the regulatory role of the histone methylation landscape on ERα-

mediated gene transcription, which requires the activity of both histone 

methyltransferases (HMTs) and histone demethylases (HDMs) for successful activation 
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or repression events.263 LSD1 appears to be involved in both activation and repression of 

ERα target genes, demethylating residues H3K9 or H3K4 to mediate each, 

respectively.262,263 The precise mechanisms by which LSD1 is orchestrated into an 

activating or repressive role is currently under investigation, however preliminary 

studies suggest that both co-regulatory binding partners203,264,343,344 and phosphorylation 

may play a role.267,344 In particular, Bennesch and coworkers reported that ERα 

recruitment of the LSD1/CoREST complex and phosphorylation of LSD1 serine residue 

111 is indispensible for gene activation. 

Given the growing body of evidence suggesting LSD1 is indispensible for ERα 

gene activation, it is surprising the LSD1 inhibitors have such little effect. To investigate 

this further, we compared the effects of LSD1 inhibition with GSK-LSD1 to LSD1 

knockdown by siRNA interference (Figure 38). We found a striking difference between 

these two modes of LSD1 inhibition, with LSD1 knockdown causing nearly complete 

proliferative inhibition. Conversely, we again observed very little effect of GSK-LSD1 on 

MCF7 proliferation. Several other groups have also reported the inhibitory effects of 

LSD1 knockdown on breast cancer cell growth83,147,264. This dichotomy between LSD1 

inhibition and knockdown suggests that the physical presence of LSD1 contributes to 

the proliferative events of these cells, even in the absence of its enzymatic activity. Given 

the reported role of the LSD1/CoREST complex in ERα activity,344 we predicted that 

disrupting this complex may access some of the inhibitory effects of LSD1 knockdown 
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and therefore chose ERα-positive breast cancer as a model system for characterization of 

our iLCCcp inhibitor peptide.  

 

Figure 38: LSD1 Knockdown Inhibits MCF7 Breast Cancer Proliferation. (a) 
LSD1 knockdown by siRNA in MCF7 cells greatly reduced proliferation compared to 
untreated cells (NT) and a scramble control siRNA (siScr). (b) Conversely, GSK-LSD1 

had little effect on proliferation, even up to 10 µM. (c) Western blotting confirmed 
knockdown of LSD1 using two different siRNA sequences. 

5.2 Generation and Validation of MCF7 Cells with Inducible 
Expression of iLCCcp 

Moving forward, our goal was to test our iLCCcp inhibitor peptide in an in vivo 

model of ERα-positive breast cancer. Although the TAT cell penetrating peptide 

incorporated on our probe has been successfully employed for delivery of various 

cargoes in mouse models, stability and biodistribution remain significant challenges for 

peptide probes.345 To avoid these issues, we generated a MCF7 cell line capable of 

inducible expression of our Linker probe through the TetOn system, as described below. 
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Post-implantation of these modified cells, the TetOn system allows continuous 

expression of a desired sequence, which can counteract long-term stability and clearance 

issues by constant production of new material. 

5.2.1 Overview of Stable Expression in Mammalian Cell Culture with 
the TetOn System 

Towards this end, we employed the TetOn 3G Inducible Expression System. This 

system of bacterial origin was first described by Bujard, Gossen, Hillen and coworkers as 

a tool for controllable gene expression in mammalian cells.346-348 In the iteration used here 

(Figure 39), the host cell is stably transfected with a reverse tetracycline-controlled 

transactivator (rtTA) protein, which is constitutively expressed. Cells are also stably 

transfected with the gene of interest, in our case the iLCCcp peptide, under the control 

of a TRE3G promoter. Under normal circumstances rtTA cannot bind the promoter and 

the gene is not expressed. However addition of tetracycline, or more commonly its 

stability-enhanced analog doxycycline, induces a conformation changed in the rtTA 

protein, which allows rapid association with a tet operator (tetO) in the TRE3G promoter 

and initiates transcription. In this way, expression of a target sequence can be temporally 

controlled by administration of doxycycline to cells or in the water supply of in vivo test 

subjects. 
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Figure 39: Overview of the TetOn Inducible Gene Transcrition System. The 
host cell is stably transfected with a gene encoding the reverse tetracycline-controlled 
transactivator (rtTA) protein, which is constitutively expressed. The gene of interest is 

also stably transfected under control of a TRE3G promoter. Only in the presence of 
tetracycline (or its analog doxycycline) can the rtTA protein bind the promoter and 

induce transcription of the target gene. 

5.2.2 Generation of MCF7 Cells with Inducible Expression of the 
iLCCcp 

To generate MCF7 cells harboring our iLCCcp peptide in the TetOn system, we 

used a lentiviral system for stable transfection of the components described in the 

previous section. In general, stable transfection with lentivirus is initiated by viral 

production in a preparatory cell line, which is then transferred to the desired host cells 

for transduction (Figure 40). To initiate viral production, plasmids encoding viral 

machinery were co-transfected into the preparatory cells. This includes an envelope 

plasmid harboring the viral envelope genes, a packaging plasmid harboring genes 
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necessary for viral assembly, and a transfer plasmid that contains the gene of interest 

and a drug selection marker flanked by sequences that facilitate integration into the host 

genome. In our case, two transfer plasmids were prepared for stable transfection: one 

containing the iLCCcp sequence (TATHA-Linker, as described in Chapter 3) and the 

other containing only the TATHA sequence as a control. In the preparatory HEK293T 

cell line, virus particles were assembled. Importantly, these particles are replication-

deficient, as the viral replicative machinery is not packaged into the viral particle. The 

virus-containing media was then transferred to our target MCF7 cell line, where the 

genes were integrated into the genome. After a brief incubation, cells harboring the gene 

were selected for by addition of selection drug. 

 

Figure 40: Preparation of a TetOn System in MCF7 Breast Cancer Cells. Three 
separate plasmids encoding lentiviral genes were prepared, including a transfer plasmid 

containing our TATHA-Linker sequence. All three were co-transfected into HEK293T 
cells, where viral production began. The assembled particles are released into media and 

can then be transferred to MCF7 cells, where infection led to genomic insertion of the 
desired sequence, in this case the iLCCcp peptide or a control construct. 
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5.2.3 Validation of the iLCCcp MCF7 TetOn Cells 

Having generated our inducible breast cancer cell line, we next sought to confirm 

that the expected peptides were indeed produced in a controllable and sustained 

manner. To examine the doxycycline-induced induction of expression, our MCF7 TetOn 

cells were treated with a gradient of doxycycline concentrations and the iLCCcp 

detected by western blot (Figure 41a). A dose-dependent increase in iLCCcp expression 

was observed, as expected. Unfortunately, the TATHA control peptide was too small for 

detection via western blot in the same manner, however a similar increase in signal was 

observed by dot blot (data not shown). We next sought to determine the endurance of 

peptide production. To this end, cells were treated with a single dose of 100 ng/mL 

doxycycline and lysates blotted for the iLCCcp peptide at time points out to five days, 

with no re-application of inducer (Figure 41b). iLCCcp expression was induced to a 

consistent level within 24 hours and no apparent decrease was detected by day five. 

Thus it appears that the MCF7 TetOn cells can continuously express iLCCcp for long 

time periods following a single induction treatment. Finally, we confirmed that the 

iLCCcp and control peptides were localized to the nucleus, as observed in our previous 

characterization of the TAT-tagged peptide in Chapter 4. As before, cells were treated 

with 100 ng/mL doxycycline and immunofluorescently stained with both the nuclear 

dye DAPI and an α-HA antibody (Figure 41c). As before, the iLCCcp exhibited nuclear 

localization, as indicated by tight overlap with DAPI signal. The control TATHA peptide 
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also largely exhibits nuclear localization, although a portion is also visible in the 

cytoplasm surround the DAPI-stained nuclei. Together these data indicated that the 

TetOn system principally mimics the iLCCcp characteristics we previously observed by 

exogenous addition of our purified inhibitor peptide. 

 

Figure 41: Validation of iLCCcp Expression in MCF7 TetOn Cells. (a) The 
iLCCcp peptide, as detected by its HA tag, was dose-dependent expressed in MCF7 

TetOn cells as a function of doxycycline concentration. (b) After a single treatment of 100 
ng/µL doxycycline, expression of the iLCCcp in cells was induced within 1 day and was 

sustained for at least 5 days. (c) Immunofluorescent staining of MCF7 TetOn cells 
following either 100 ng/µL doxycycline indicated that expression of both the iLCCcp 

and TATHA control sequence was induced compared to no treatment (NT) controls. The 
iLCCcp was strongly localized to the nucleus, as indicated by overlay with the nuclear 
stain DAPI. The TATHA peptide similarly localized to the nucleus, although a larger 

percent was also apparent in the cytoplasm. 

5.3 Examination of iLCCcp in a Xenograft Model of Breast 
Cancer 

Having validated iLCCcp expression in our MCF7 TetOn cells, we next used this 

system to investigate the effects of our probe with an in vivo model of breast cancer. 
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Female nude mice were ovariectomized and implanted with estrogen tablets for a 

consistent hormone supply. iLCCcp or Control MCF7 TetOn cells were then injected into 

the mammary fat pads. Once tumors reached approximately 0.25 cm3, both groups were 

randomized into two subgroups and half treated orally with doxcycyline. Tumor 

volume was monitored and mice sacrificed once volumes reached approximately 1.5 

cm3. No change in tumor volume was observed in the iLCCcp-expressing group 

compared to the control (Figure 42a). 

At sacrifice, tumors were excised and protein expression analyzed by western 

blot. Figure 43b illustrates analysis of five randomly selected tumors from the iLCCcp +/- 

doxycycline groups. As expected, doxycycline treated samples express the iLCCcp, as 

detected by its HA tag, while no signal was detected in untreated groups. Although no 

change in H3K4me2 status is detectable compared to an H3 loading control, there does 

appear to be a slight increase in H3K9me2 in the iLCCcp-expressing tissue. LSD1 

demethylation of H3K9 residues at ERα target gene promoters is a required for 

activation,262,264,267 therefore we speculated that our probe may yet interfere with ERα 

signaling, despite a failing to elicit a growth phenotype. 
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Figure 42: The iLCCcp Does Not Affect Tumor Growth in a Xenograft Model 
of Breast Cancer. (a) Nude mice were implanted with either iLCCcp or control MCF7 

TetOn cells. Both groups were subdivided into groups that either received doxycycline 
or not. Tumor volumes were monitored but no change was observed between groups. 

(b) Western blot analysis of tumor samples indicated that the iLCCcp peptide was 
indeed expressed only in doxycycline-treated group compared to a GAPDH loading 
control. Overall, a modest increase in H3K9me2 marks was observed in the iLCCcp-

treated group, however there was no apparent change in H3K4me2 marks compared to 
an H3 loading control. 

5.4 The iLCCcp Disrupts Estrogen Signaling 

5.4.1 The iLCCcp Inhibits Estrogen-Dependent Proliferation 

To begin to probe our inhibitor’s effect on estrogen signaling, we performed a 

series of proliferation assays with our MCF7 TetOn cells in vitro, carefully modulating 

the growth environment. We found the growth in complete media (Figure 43a) 

mimicked the results in our xenograft model, with no difference observed between 

iLCCcp-expressing and control cells. However, by stripping the cell media of growth 

factors and adding back only estrogen, we see a dose-dependent decrease in 

proliferation as a function of iLCCcp expression (Figure 43b). Furthermore, under the 

same conditions the iLCCcp causes a decrease in growth rate compared to control cells 
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receiving the same doxcycyline dose (Figure 37c). Interestingly, the iLCCcp peptide 

appears to grow at a similar rate as cells deprived of estrogen, although the pure 

estrogen antagonist Fulvestrant lowers this rate even further. We therefore hypothesize 

that our probe targets a subset of ERα activities, and likely prevents gene activation 

events. 

 

Figure 43: The iLCCcp Probe Prohibits Estrogen-Stimulated Proliferation. (a) 
Proliferation of MCF7 TetOn cells in complete media is unaffected by iLCCcp expression 
versus control cells, while the pure estrogen antagonist Fulvestrant completely inhibited 
proliferation. (b) The iLCCcp elicites a dose-dependent decrease in growth rate of MCF7 
TetOn cells grown in media stripped of growth factors and replaced only with estrogen.  
(c) Under the same estrogen-stimulated conditions, the iLCCcp decreases proliferation 
compared to control cells, with a growth profile similar to cells deprived of estrogen. 

Fulvestrant inhibits proliferation to an even greater extent. 

5.4.2 The iLCCcp Prevents Estrogen-Dependent Gene Transcription 

We next examined more closely the effect of our probe on ERα gene activation. 

To this end, the expression levels of several ERα target genes were analyzed in estrogen-

stimulated MCF7 cells treated with various concentrations of our inhibitor peptide 

compared to non-hormone stimulated cells under the same conditions (Figure 44a). In 

control samples, most genes experienced an increase in expression while increasing 

amounts of peptide prohibited these transcriptional events. Interestingly, both LSD1 and 
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CoREST also experienced and increase in mRNA transcript level as a function of 

estrogen, but were also inhibited by the iLCCcp peptide. This suggests that LSD1 and 

CoREST genes may also be regulated by ERα activities. 

To examine the mechanism of LSD1 and CoREST involvement in ERα-mediated 

gene activation, we examined the recruitment of each to ERα target gene promoters by 

chromatin immunoprecipitation (Figure 44b). Interestingly, all three proteins were 

specifically recruited in response to estrogen stimulation. Treatment with iLCCcp 

however, reduced the recruitment of each. No significant recruitment was observed at a 

distal site under any of the conditions mentioned here. This suggests that by disrupting 

formation of the LSD1/CoREST complex, our probe also prevents assembly of ERα on 

chromatin, underscoring the interdependency of these events. Together, these results 

suggest that our probe inhibits to some degree ERα-mediated estrogen signaling.  
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Figure 44: The iLCCcp Inhibits ERα Gene Activation. (a) A panel of estrogen-
responsive genes (blue) were evaluated by qPCR after treatment of MCF7 cells with the 

indicated amounts of iLCCcp. Most genes experienced a decrease in expression as a 
function of iLCCcp treatment, while control genes (red) were unaffected. Interesting, 
LSD1 and CoREST experience an increase in transcript expression level in response to 

estrogen and decreased expression in response to iLCCcp treatment as well. (d) 
Chromatin immunoprecipitation indicates that ERα, LSD1, and CoREST are recruited to 

the promoters of ERα target genes (PR and pS) in response to treatment with estrogen 
(E2), but that treatment with the iLCCcp peptide reduces this recruitment. As a control, 

no recruitment was observed to distal regions of these promoters. 

5.5 Discussion 

In this chapter, we have demonstrated the importance of LSD1 protein-protein 

interactions in estrogen signaling. The impetus for selection of breast cancer as a model 

system oddly originated with the observation that specific LSD1 inhibitors make poor 

breast cancer growth inhibitors. In fact, we have demonstrated that previous studies 
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reporting the potential benefits of such strategies for growth inhibition are likely based 

on off-target effects of widely used but non-specific LSD1 inhibitors. Great care should 

be taken in interpreting biological roles of LSD1 assigned using such inhibitors, and we 

hope to instead see increased use of the much more selective and commercially-available 

inhibitors reported by Mohammad and coworkers.341 

Although specific LSD1 inhibitors do not appear to affect breast cancer cell 

proliferation, we also demonstrated the LSD1 knockdown causes a dramatic reduction 

in growth potential. At this time it is unclear why such strikingly different results are 

obtained from these two forms of inhibition, however it suggests that the mere presence 

of LSD1 performs functions that are not reliant on its chemical activity. We hypothesized 

that this system, apparently untouchable by classic inhibition strategies, would prove 

and ideal for examination of our protein-protein interaction inhibitor. 

Initially our probe did not seem to greatly affect the growth estrogen-dependent 

MCF7 breast cancer cells, as tumors in and xenograft model experienced no change in 

volume despite continuous exposure to our inhibitor. However, we noted a small but 

detectable increase in H3K9 methylation, which could be consistent with inhibition of 

LSD1 demethylation of these residues as part of ERα-drive gene activation. 

Furthermore, by modulating the environment of MCF7 cells in vitro to exclude all 

mitogenic activity except estrogen, we were able to demonstrate a dose-dependent 

decrease in proliferation as a function of iLCCcp treatment. The growth rate of these 
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cells closely matched cells that were deprived of estrogen, again suggesting that our 

probe was prohibiting hormone-stimulated growth pathways. Notably, the full estrogen 

antagonist Fulvestrant decreased proliferation to an even greater extent than either the 

iLCCcp or estrogen deprivation. However, this is perhaps not surprising as the ERα 

performs many functions beyond estrogen signaling, including a growing number of 

reportedly unliganded functions.349,350 

Finally, we directly implicated our inhibitor as a disruptor of estrogen signaling 

by demonstrating that estrogen-stimulated gene expression was reduced by treatment 

with the iLCCcp. Mechanistically, our peptide appears to prevent recruitment of an ERα 

gene activation complex in the promoters of its target genes. This suggests that LSD1 

interaction with CoREST, and potentially other factors, is an upstream required for ERα 

recruitment, and that the failure of this event ultimately thwarts transcriptional events, 

at least in a subset of genes. Moving forward, we hope to define how the LSD1/CoREST 

complex interacts with ERα. Previous pull-down assays performed by Dr. Julie Pollock 

and Dr. Jeffery Jasper have implicated a direct interaction between purified CoREST and 

a full-length ERα protein expressed in reticulocytes (Figure 45). Ongoing efforts have 

turned towards a mammalian two-hybrid assay to further investigate this interaction.  
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Figure 45: CoREST May Form a Direct Interaction with ERα. (a) A pull-down 
assay with purified proteins implicated a direct interaction between full-length ERα and 

the CoREST C-terminal domain (linker and SANT2 regions). 

This work lends support to the recent work of Bennesch and coworkers,344 who 

made the unintuitive report that the LSD1/CoREST complex, typically associated with 

gene repression, is actually recruited by ERα for gene activation. More investigation is 

required to elucidate the precise nature of the interplay between these systems. It is 

possible that this complex has been assigned too strict of a role in gene regulation, in 

which case other “activator” and “repressor” complexes may warrant closer inspection 

as well. However, it is also possible that the repressive activity of this complex is 

actually required for gene activation. Métivier and colleagues have extensively 

demonstrated that ERα gene activation is not simply and on-off process, but instead 

involves cyclical recruitment of both activating and repressive protein complexes.351 By 

disrupting the assembly of a corepressor complex, the entire system may stall and result 

in failed gene transcription. 
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In conclusion, we have demonstrated the ability to modulate LSD1 protein 

interactions in manner that disrupts estrogen signaling. Our probe is clearly 

differentiated from both small molecule inhibition and siRNA knockdown of LSD1, and 

appears to be selective for specific functions of LSD1, at least in breast cancer. This work 

further established protein-protein interactions as viable targets for inhibition, and 

suggests that entirely different biological outcomes can be achieved by targeting the 

same protein through different mechanisms. Our future work will focus on the 

development of next-generation inhibitiors, with higher affinity and greater stability 

than the iLCC probe described here. We will additionally explore the affect of disrupting 

this complex in different biological contexts. 

5.6 Materials and Methods 

5.6.1 General Cell Culture 

MCF7 cells were cultured in DMEM/F12 media supplemented with 8% FBS 

(Sigma), 0.1 mM non-essential amino acids, and 1 mM sodium pyruvate. Cells were 

grown at 37 °C in 5% CO2. For knockdown, cells were transfected with LSD1 siRNA 

(Origene SR308947) using Lipofectamine RNAiMAX (Thermo) via manufacturer’s 

protocol. For western blot analysis, cells were collected 3 days after transfection. For 

growth hormone stripped conditions, cells were cultured in DMEM/F12 without phenol 

red, supplemented with 0.1 mM non-essential amino acids, 1 mM sodium pyruvate, and 

8% charcoal-stripped FBS (sigma).  
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5.6.2 Western Blot Analysis 

MCF7 cells were treated as indicated and lysed  by rotating for 30 min in RIPA 

buffer (50 mM Tris (pH 8.0), 200 mM NaCl, 1.5 mM MgCl2, 1% Nonidet P-40, 1 mM 

EDTA, 10% glycerol, 20 mM NaF, 2 mM Na3VO4, 2 mM PMSF, 1X HALT Protease 

Inhibitor Cocktail) at 4 °C. Cell debris was pelleted and supernatants collected. The total 

protein concentration of each sample was measured by Bradford assay and equal 

amounts of total protein for each sample separated by SDS-PAGE. Proteins were then 

transferred to PVDF and the peptide detected by staining. Antibodies used include α-

HA antibody (Sigma 118674230001) at a 1:2000 dilution, LSD1 (abcam 17721) at a 1:2000 

dilution, and GAPDH (Santa Cruz, sc-47724 HRP). 

For histone methylation analysis, cells were treated as indicated and lysed in 6- 

µL RIPA buffer as described above. The insoluble portion was pelleted at 14,000 rpm for 

10 min. This pellet was resuspended in 200 µL 0.4 N H2SO4 and vortexed vigorously at 4 

°C for 1 h. The insoluble portion was pelleted as before and supernatants extracted. 

Histones were precipitated by treatment with 25% trichloroacetic acid (TCA) on ice for 

30 min. Histones were pelleted as before, washed with acetone, and resuspended in 

water. Concentrations were measured by BCA assay. For western blot analysis, 75 ng 

histone extract were detected with a 1:10000 dilution of α-H3 (abcam) and 350 ng were 

analyzed with a 1:2000 dilution of α-H3K4me2 (abcam). 
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5.6.3 Generation of MCF7 TetOn Cells 

An MCF7 cell line pre-transfected with the rtTA protein was a kind gift from the 

McDonnell lab. HEK293T cells were cultured in DMEM media supplemented with non-

essential amino acids and 10% FBS and MCF7 cells in DMEM/F12 supplemented with 

non-essential amino acids, sodium pyruvate, and 8% FBS unless otherwise noted. 

HEK293T cells were co-transfected with the plasmids described with TransIT 

transfection reagent (Mirus) per the manufacturer’s instructions. Transfected cells were 

incubated at 37 °C and 5% CO2 for 24 h. Media was then changed to DMEM/F12 

(prepared for MCF7 cells) and cells were incubated for another 48 h. During this time, 

MCF7 cells were split to 30% confluence. Media was removed from the HEK293T cells, 

passed through a 0.45 µm filter, and mixed with 8 µg/mL polybrene. MCF7 cells were 

incubated in this media for 24 h, after which it was replaced with fresh, non-viral media. 

After another 24 h recovery, selection in drug began and was continued until a control 

plate of non-transfected cells were all dead. 

5.6.4 iLCCcp Cellular Localization 

MCF7 cells were plated on glass coverslips at 60-70% confluence and treated 

with peptide for 48 h. Cells were then washed in PBS and fixed with 4% formaldehyde 

for 10 min at room temperature. Cells were washed again with PBS and permeabilized 

in PBST buffer (PBS containing 0.1% Triton X-100) for 10 min at room temperature. Cells 

were then washed again with PBS and blocked with 5% donkey serum (Sigma) in PBST. 
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Cells were then stained with an α-HA antibody (Roche) at 100 µg/mL for 1 h at room 

temperature. Cells were washed again and then co-stained with a fluorescent secondary 

antibody and 4’,6-diamidino-2-phenylindole (DAPI). Coverslips were then mounted on 

slides and visualized on an Axio Imager (Zeiss) inverted fluorescent microscope. 

5.6.5 Xenograft Tumor Analysis 

All procedures were approved by the Duke University Institute for Animal Care 

and Use Committee. Female NU/NU mice (~6 weeks of age) were ovariectomized and 

implanted with an estrogen time release pellet (0.72 mg E2/60 days) subcutaneously. 

Three days later, MCF7 cells harboring inducible expression of either the iLCCcp 

peptide or the TATHA control sequence in the TetOn system were mixed 1:1 with 

Matrigel (Corning) and injected into the axial mammary gland of female NU/NU mice 

(~6 weeks age) by serial transfer. Tumor growth was measured 3× weekly by caliper 

(tumor volume = (A2 × B)/2, where A is the longer axis). When tumor volume reached 

~0.25 cm3 mice were randomized and half of each group began treatment with 2 mg/mL 

doxycycline delivered in the water supply. Once tumors reached ~1.5 cm3, mice were 

sacrificed and tumors excised. 

5.6.6 qPCR 

MCF7 cells were plated in phenol-free media as described above. At 70% 

confluence, cells were treated with iLCCcp as indicated. After 6 h, either estrogen (100 

nM) or an ethanol vehicle was administer. After 18 h, cells were harvested and mRNA 
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recovered with a Aurum Total RNA Mini Kit (Bio-Rad). 0.5 µg of RNA from each 

sample were reverse-transcribed using an iScript cDNA synthesis kit (Bio-Rad) and 

amplified by PCR with SYBR Green Supermix (Bio-Rad). Amplification was monitored 

on a Bio-Rad iCycler iQ Realtime PCR system. Results were normalized to the 36B4 

housekeeping gene, normalized, and presented as the ratio of E2-stimulated expression 

to no-hormone treatment. Experiments were performed in triplicate. 

5.6.7 Chromatin Immunoprecipitation 

MCF7 cells were plated in phenol-free media as described above. At 90% 

confluence, cells were serum starved for 24 h, after which treatment with estrogen (100 

nM) or ethanol vehicle was applied for 45 min. Cells were then fixed with 1% 

formaldehyde, washed with cold PBS, and harvested. Cells were lysed by sonication in 1 

mL buffer (50 mM HEPES (pH 7.8), 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% 

sodium deoxycholate, 0.1% SDS, 1X HALT Protease Inhibitor Cocktail). Lysate was 

clarified by centrifugation and pre-cleared with 100 µL protein A/G agarose beads. The 

pre-cleared lysate was then incubated with primary antibodies for 4-6 h at 4 °C with 

gentle agitation. Antibodies were then precipitated by addition of protein A/G agarose 

beads overnight at 4 °C with gentle agitation. Beads were washed and proteins eluted 

with elution buffer (50 mM Tris (pH 8.0), 1 mM EDTA, and 1% SDS) at 65 °C. 

Crosslinking was reversed with salt and DNA isolated with the Qia-quick PCR 
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purification kit (Qiagen). qPCR analysis was performed as described above and results 

normalized to input.
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6. Conclusions 
In the work presented here, we generated, what is to the best of our knowledge, 

the first probe capable of modulating LSD1 Tower domain interactions. In the design of 

this probe we have also uncovered a potential role for CoREST in regulating LSD1 

protein levels by stabilization of the Tower domain. We have developed robust methods 

for procurement of our inhibitor by recombinant expression in E. coli and have described 

systems for expression within cell models. In our preliminary examination of LSD1 in a 

breast cancer model we highlighted how the use of non-specific inhibitors can lead to 

false inferences about LSD1 function. Furthermore, we established a striking dichotomy 

between LSD1 chemical inhibition and removal of the protein’s presence by RNAi, 

suggesting that LSD1 may have critical roles beyond its capacity as a demethylase. 

Specifically, it appears that LSD1 may play a scaffolding role that is at least equally 

important to its role in the chemical modification of histone tails. Although further work 

is required to determine the details of these roles, it is possible that LSD1 forms a 

subunit of large, multi-protein complexes that reside on chromatin until unseated by 

further signaling events. Hence, the function of LSD1 may extend spatially and 

temporally beyond its initial recruitment to chromatin for demethylation of histone H3. 

It seems likely that much of the enzyme’s therapeutic potential will not be realized until 

inhibitors capable of disrupting these interactions are developed. 



 

177 

Perhaps most striking, is that our probe is able to target a sub-set of LSD1’s 

activities, namely by inhibiting estrogen signaling without causing the massive anti-

proliferative effects observed with LSD1 knockdown. Although the effects of this 

particular probe in this particular system are not revolutionary for the therapeutic 

potential of LSD1, the implications are provocative. By targeting protein-protein 

interactions, we may be able to enhance or inhibit specific functions of enzymes and 

proteins. We hope to see protein-protein interaction inhibitors expand the “druggable” 

space within the proteome. 

6.1 Progress Toward the Development of Next-Generation 
Inhibitors 

The results of our first-generation probe are promising for the future of protein-

protein interaction inhibitors. However, improvements on this initial design are easily 

imaginable. To allow us quick assess to proof-of-principle experiments, we derived our 

inhibitor directly from the CoREST sequence and in our later binding and cell studies 

were essentially pitting a small probe against the larger version of itself. It is interesting 

to speculate that a higher affinity probe may have a more pronounced effect on LSD1. It 

is likely that such probes will still be required to cover a large surface area. 

Given these constraints, we have begun screening for a next-generation probe 

using systematic evolution of ligands by exponential enrichment (SELEX; Figure 46). In 

this processes, a pool of random RNA sequences is selected against a protein target. 

RNA sequences that bind the target protein are selectively removed, converted to 



 

178 

cDNA, and amplified. After conversion back to RNA, this pool that is not enriched for 

sequence that bind the target, are subjected to another round of selection. By 

incrementally increasing the stringency of binding conditions we can select for high 

affinity interactions. 

In order to develop such molecules, termed aptamers, that are specific for the 

Tower domain, we will use two approaches. First, we will select our RNA pool against 

directly against a purified, isolated Tower domain. In a separate approach, we will pre-

clear our RNA with the LSD1ΔTower mutant we have previously described to strip it of 

sequences that bind the globular LSD1 domains. This pre-cleared pool with then be 

selected again the full-length LSD1 protein. LSD1 Tower-binding sequences identified in 

this manner can be delivered to cells using a tagging strategy recently described by 

Magalhães and coworkers, which indiscriminately allows RNA sequences to pass 

through membranes in a similar fashion to the TAT tagging system described in Chapter 

4.352 In this way we hope to develop and evaluate higher affinity probes for the LSD1 

Tower domain. 
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Figure 46: Overview of the SELEX Process. 

6.2 Defining the Connection Between LSD1 and ERα 

Our probes suggests that there is a functional link between LSD1 and the ERα. 

However, preliminary data indicates that there may be a physical link as well. Initially 

we predicted that LSD1 or CoREST would interact with the ERα ligand binding domain, 

as many corepressor and coactivator proteins do. However, preliminary binding studies 

in our lab have not resulting in any appreciable interaction. To investigate this further, 

we are currently using a mammalian two-hybrid assay. In this system potential binding 

partners are fused to either a DNA binding domain or a transactivator domain. A 

luciferase reporter gene is placed under control of a sequence that can bind the DNA-
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binding domain but does not become active until the fusion proteins associate and bring 

the fused transactivator protein to the vicinity of the reporter gene promoter. With this 

approach we hope to test binding interactions that are difficult to study outside of a 

mammalian system do to solubility issues and requirements for post-translational 

modifications. 
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Appendix A 
 

Expression and Purification of His6-TEV Protease 

The pRK793 plasmid encoding MBP-(TEVR)-His6-TEV was a kind gift from Dr. 

Christopher Raetz. In this system, the MBP-TEV fusion enhances overexpression and 

solubility, but is self-cleaved in E. coli. The remaining His6-TEV protein can then be 

purified by affinity chromatography as described here. 

The plasmid was electroporated into C43(DE3) E. coli and grown to an OD600 of 

approximately 0.6 at 37 °C, rotating at 200 rpm. Cells were then briefly equilibrated at 20 

°C/200 rpm and protein expression induced with 500 µM IPTG for approximately 19 h. 

Cells were then pelleted at 4200 x g and 4 °C. Cells were resuspended in 200 mL Ni Load 

Buffer (20 mM HEPES, 200 mM NaCl, 10 mM imidazole, 5 mM βME, 10% (v/v) glycerol, 

pH 8.0). The cell suspension was lysed with three passages through a C5 Emulsiflex high 

presser homogenizer (Avestin) at ≥15 kpsi. Insoluble material was pelleted at 185,000 x g 

and 4 °C for 45 min. The clarified supernatant was applied to 25 mL Ni2+-chelated IMAC 

resin pre-equilibrated with Ni Load Buffer at 4 mL/min. Resin was washed with 250 mL 

Ni Load Buffer and protein eluted with 300 mL Ni Elute Buffer (20 mM HEPES, 50 mM 

NaCl, 200 mM imidazole, 5 mM βME, 10% (v/v) glycerol, pH 8.0) directly into 600 mL 

Dilution Buffer (20 mM HEPES, 20% (v/v) glycerol, 2 mM DTT, 2 mM EDTA, pH 8.0) on 

ice. Diluted protein was then loaded on 50 mL pre-equilibrated SP Sepharose resin at 4 
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mL/min, washed with 200 mL SP Wash Buffer (Dilution Buffer with 100 mM NaCl), and 

eluted with SP Elute Buffer (Dilution Buffer with 400 mM NaCl). Fractions containing a 

band of the expected molecular weight (28 kDa) were combined and protein 

concentration measured by Bradford assay. Aliquots of protein at approximately 0.1 

mg/mL were flash-frozen in liquid nitrogen and stored at -80 °C.  
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