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Inheritable epigenetic regulation is integral to the
dynamic control of gene expression under different stimuli
for cellular homeostasis and disease progression. Histone
methylation is a common and important type of chromatin
modification. LSD1, the first known histone lysine-specific
demethylase, operates as a key component of several
corepressor complexes during development and in disease
states. In this review, we focus on the regulation of LSD1 in
mammary carcinogenesis. LSD1 plays a role in promoting
mammary tumor metastasis and proliferation and in
maintaining mammary cancer stem cells. Therefore, LSD1
represents a viable therapeutic target for effective treatment
of mammary carcinogenesis.

Introduction

The basic unit of chromatin, the nucleosome, is composed of
DNA and histone proteins. Histone post-translational modifica-
tions include phosphorylation, acetylation, ubiquitylation, and
methylation, among many others.1 The balance between the
absence and presence of histone modifications influences chro-
matin compaction and signaling protein complexes, and thus
contributes to accurate gene expression.

During the last few years histone methylation has attracted
increasing attention following the discovery that methylation
markers are not static but under dynamic regulation. Histone
methylation occurs on all basic residues: arginines, lysines, and
histidines. The most extensively studied histone lysine

methylation sites include lysine 4 on histone H3 (H3K4),
H3K9, H3K27, H3K37, H3K36, H3K39, and H4K20.1 In gen-
eral, methylation sites of H3K9, H3K27, H3K37, or H4K20 are
linked to the formation of tightly packed chromatin and gene
silencing, whereas methylation on H3K4, H3K36, and H3K39
is associated with actively transcribed regions and gene activa-
tion.2 Lysine can be monomethylated, dimethylated, or trimethy-
lated. Histone methylation is reversible and can be modulated by
methyltransferases and demethylases, which respectively catalyze
the addition and removal of methyl groups on Lys and Arg resi-
dues of histone tails. To date, two evolutionarily conserved fami-
lies of demethylases have been identified that utilize different
reaction mechanisms to demethylate methyl-lysines: amine oxi-
dases and jumonji c (JmjC)-domain-containing, iron-dependent
dioxygenases.3 The amine oxidase lysine-specific demethylase
(LSD)1 was the first H3K4 lysine-specific demethylase to be
identified. Recent studies have shed light on the role of LSD1 in
the maintenance of pluripotency in stem cells and cancer
progression.

LSD1 Structure and Complexes

LSD1 contains 2 protein domains, a Swi3p, Rsc8p and Moira
(SWIRM) domain and an amine oxidase (AO) domain4

(Fig. 1A). The SWIRM domain is present in several proteins
that interact with histones whereas the AO domain mediates
FAD-dependent demethylation.5 The SWIRM and AO domains
are closely associated with each other through extensive hydro-
phobic interactions to form a core structure.6 The AO domain,
which constitutes the main catalytic center, is divided by the
tower domain into 2 functional lobes, the FAD-binding lobe and
the substrate binding and recognition lobe (Fig. 1B). The cata-
lytic center is located within the substrate-binding lobe of the
AO domain and is substantially more spacious and open in com-
parison with other FAD-dependent amine oxidases for accurate
substrate placement.6 Inside the active site cavity, 4 major invagi-
nations with distinct chemical properties are used for sensing not
only the histone tail sequence but also its chemical modifica-
tions.6 Furthermore, there is a cleft between the SWIRM and the
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AO domains that functions as an additional recognition platform
for substrate specificity.6,7 LSD1 also contains a putative nuclear
localization signal at its N-terminus and an insertion sequence
protruding from the AO domain (the tower domain) that pro-
vides a surface platform for interaction with partners.6 This tower
domain mediates the interaction between LSD1 and REST core-
pressor 1 (CoREST). CoREST increases LSD1 stability by main-
taining the conformation of LSD1 within the larger complex.8

Recently, LSD1 has also been identified as a subunit of several
complexes, including the CtBP, NRD, BRAF35, HDAC9 and
Sirt110 complexes, in which it functions as a corepressor or coac-
tivator (Fig. 1C). The combination of different histone-modify-
ing enzymes in one complex facilitates concurrent modifications
of multiple sites on the histone and associated proteins.

Substrates of LSD1

Initially, LSD1 was shown to directly bind and demethylate
monomethyl and dimethyl, but not trimethyl, H3K4. LSD1

functions as a flavoenzyme
of the oxidoreductase/oxi-
dase class that catalyzes 2-
electron oxidation of its
substrate to remove the
methyl groups from
H3K4. Recent emerging
evidence shows that LSD1
functions to modulate
other cellular processes
through actions on non-
histone proteins, such as
p53 and DNA methyl-
transferase. Specifically,
LSD1 demethylates dime-
thylated K370 of p5311

and K1096 of DNA meth-
yltransferase 1 (DNMT1).
Demethylation of lysine
185 of E2F1 by LSD1
drives E2F degradation.12

Interestingly, LSD1 is also
directly recruited to sites
of DNA damage in a
manner dependent on
RNF168 but independent
of H2AX and ATM sig-
naling.13 These studies
suggested that LSD1 can
regulate both global and
specific gene expression
patterns through demeth-
ylation of histone and
non-histone substrates.
However, the specific
functions of LSD1 acting

as an “editor” can be specified, in part, by the associated pro-
teins; LSD1 can interact with different transcription factors to
facilitate distinct cellular functions. For example, interaction
of LSD1 with retinoblastoma (Rb) results in binding of Rb to
specific DNA regions in a cell-cycle dependent manner.14

LSD1 is also recruited by nuclear receptor TLX to repress the
expression of a TLX target gene and regulate neural stem cell
proliferation.15 In the context of repression-associated
H3K9me2 marks, LSD1 facilitates androgen- or estrogen-depen-
dent transcriptional activation in prostate or breast cancer cells by
demethylation of H3K9 when associated with androgen receptor
(AR) or estrogen receptor (ER) (Fig. 1C).4,16 Although isolated
LSD1 does not act on Lys 9 directly in vitro,17,18 the demethyla-
tion activity of LSD1 toward H3K9me2 is inhibited by LSD1
inhibitors such as pargyline and deprenyl in leukemia stem cells
(LSCs) and other cell lines.19,20 Likewise, LSD1 is required for
activation of Gh transcription in pituitary precursor cells.21 There-
fore, LSD1 may contribute directly or indirectly to repress or acti-
vate transcription through interactions with various transcription
factors and chromatin modifying enzymes.

Figure 1. (A) Schematic showing the domains of LSD1. SWIRM, Swi3p, Rsc8p and Moira domain; AO, amine oxidase
domain. (B) Demethylation of dimethylated lysine residues by LSD1 is FAD-dependent. (C) Complexes associated
with LSD1 and their demethylation targets.
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Regulation of LSD1

LSD1 can be regulated at the transcriptional and post-transcrip-
tional level. The microRNA miR-137 directly targets LSD1
mRNA to repress LSD1 expression in colon cancer and neuroblas-
toma cells.22,23 Interestingly, TLX, an essential regulator of neural
stem cell self-renewal, represses miR-137 expression by recruiting
LSD1 to the genomic region of miR-137. Thus, miR-137 forms a
feedback regulatory loop with TLX and LSD1 to control the
dynamics between neural stem cell proliferation and differentiation
during neural development.24 LSD1 can be phosphorylated by
protein kinase Ca (PKCa) in a circadian manner and the phos-
phorylated LSD1 forms a complex with CLOCK:BMAL1 to facil-
itate E-box-mediated transcriptional activation.25 Interestingly,
LSD1 is hyperphosphorylated upon nocodazole synchronization;26

however, whether this phosphorylation is related to cell cycle-
dependent association and the dissociation of LSD1 from chroma-
tin is unknown.27 In addition, LSD1 itself is regulated in a cell
cycle-dependent manner. LSD1 is localized in the nuclei of cells at
G1, S, and G2 phases of the cell cycle, consistent with its chroma-
tin-modifying activity, but is displaced from the chromatin and
mainly present in the cytoplasm of cells at mitosis.27

Recently, several studies have been shown that the abundance
of LSD1 is under the control of the ubiquitin-proteasome sys-
tem.8,28 CoREST is required for LSD1 stability in vivo and
LSD1 is prone to proteasomal degradation in the absence of
CoREST. Our group demonstrated that formation of a Snail-
LSD1-CoREST ternary complex is critical for the stability and
function of these proteins.28 We further demonstrated that
USP28 is a deubiquitinase for LSD1 and stabilizes LSD1
through deubiquitination.29 It will be revealing to identify the
E3 ligase that mediates LSD1 proteasomal degradation and the
upstream signals that trigger this degradation.

LSD1 in Oncogenesis

It has been reported that LSD1 is associated with cancer in
leukemia and several types of solid tumors, including non-small
cell lung carcinoma (NSCLC), neuroblastoma, pancreatic cancer,
prostate cancer, and breast cancer. Inhibition of LSD1 reduces or
blocks cell growth in many of these tumors, whereas overexpres-
sion of LSD1 contributes to tumorigenesis through chromatin
modification.30 The role of LSD1 as essential regulator of LSCs
has been demonstrated in mouse and human models of MLL-
AF9 leukemia.31 In T-cell acute lymphoblastic leukemia
(T-ALL), LSD1 and PHF8 cooperate to epigenetically regulate
Notch1 target genes.32 This represents the first example of the
dual role of LSD1 as activator and repressor in Notch-mediated
target gene regulation. In addition, LSD1 is also associated with
the hematopoietic-specific transcription factor TAL1/SCL. This
association is disrupted by protein kinase A (PKA)-mediated
phosphorylation of serine 172 in TAL1, and the destabilized
TAL1–LSD1 interaction leads to H3K4 hypermethylation of the
promoter and activation of TAL1 target genes.33,34

LSD1 is significantly upregulated in pancreatic cancer and
synergizes with hypoxia inducible factor-1a (HIF1a) to maintain
glycolysis; this metabolic process fuels the uncontrolled prolifera-
tion in pancreatic cancer.35 LSD1 is also expressed in cancer
stem cells (CSCs) that facilitate bladder cancer development, and
LSD1-mediated epigenetic modification of developmental genes
may play important roles in maintaining pluripotency of these
CSCs. Similarly, overexpression of LSD1 enhances cell growth
and epithelial–mesenchymal transition (EMT) and correlates
with shorter overall survival for patients with NSCLC and
hepatocarcinomas.36,37

LSD1 in Mammary Carcinogenesis

Breast cancer is the most common malignancy and the second
leading cause of cancer deaths among women in the United
States.38 Breast cancer is a heterogeneous disease and has long
been recognized to emerge from the progression of atypical duc-
tal hyperplasia to ductal carcinoma in situ (DCIS), with evolu-
tion of this preinvasive lesion into invasive breast cancer.39 The
development of breast cancer is accompanied by a succession of
genetic and epigenetic abnormalities. Epigenetic modifications,
including DNA methylation, histone modifications, nucleosome
remodeling, and modifications of noncoding RNAs (ncRNAs),
are becoming increasingly recognized for their critical roles in
normal differentiation and development.40 Deregulation or mis-
interpretation of these heritable, fine-tuned epigenetic patterns
lead to aberrant activation/inhibition of signaling pathways that
can culminate in cancer.41,42 Overexpression of LSD1 positively
correlates with ER¡ status in breast carcinoma.43 Additionally,
LSD1 expression gradually increases during tumor progression
from low-, intermediate- and high-grade DCIS to invasive ductal
breast carcinoma.44 These associations implicate a key role for
LSD1 in breast cancer development, proliferation, metastasis,
and CSC propagation.

LSD1 in Mammary Cancer Initiation

Upregulation of LSD1 may be an early tumor-promoting
event in breast carcinoma. Exposure to carcinogens influences
the expression of multiple genes critical for early-stage mammary
carcinogenesis through the induction of LSD1 expression.45

LSD1 relocates from the periphery to the nucleus after carcino-
gen treatment of human mammary epithelial cell lines. Demeth-
ylation of H3K4 by LSD1 influences the expression of genes
such as p57kip2, which encodes a cyclin-dependent kinase inhibi-
tor that is known to be essential for breast tumor formation.

LSD1 in Breast Cancer Proliferation

The estrogen receptors belong to the nuclear receptor super-
family. ERa is predominantly expressed in the majority of breast
tumors and has emerged as a major target for breast cancer
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therapeutics.46 LSD1 enzymatic activity is required for ERa
function. Inhibition of LSD1 abrogates recruitment of estrogen-
liganded ERa to estrogen-responsive gene promoters, and exhib-
its a strong antiproliferative effect on breast cancer cells.47 How-
ever, CDK2-associated cullin (CAC1), a ligand-independent
ERa corepressor, interacts with LSD1 and alleviates the ERa
coactivator function. Interestingly, CAC1 and LSD1 reciprocally
modulate paclitaxel-mediated cell death in ERa-positive, pacli-
taxel-resistant MCF7 cells.48 In addition, LSD1 also interacts
with b-catenin to regulate the expression of the tumor suppressor
Lefty1. The mRNA levels of LSD1 and b-catenin are inversely
correlated with expression of Lefty1 in breast tumors. LSD1 also
closely interacts with histone deacetylases (HDACs) to control
breast cancer cell growth. Combined treatment with LSD1 inhib-
itor, pargyline, and the HDAC inhibitor, SAHA (Vorinostat),
leads to superior growth inhibition and apoptotic death in triple-
negative breast cancer (TNBC) cells.49,50

LSD1 in Breast Cancer Metastasis

More than 90% of cancer-related deaths in patients with solid
tumors are caused by metastases rather than the primary tumor.51

Metastasis is an exceedingly complex process involving tumor cell
invasion, intravasation, survival in the circulation of the blood or
lymph system, extravasation, and subsequent outgrowth in new
tissues and organs. Initiation of tumor cell invasion is a prerequi-
site for the metastatic cascade. The increased motility and inva-
siveness of metastatic tumor cells are reminiscent of the events
that occur during the EMT, a characteristic feature of physiologic
and pathophysiologic events that occur during embryonic devel-
opment and morphogenesis, chronic tissue remodeling and fibro-
sis of mature organs, and cancer progression and metastasis.52-54

Several transcription factors have been implicated in the regula-
tion of EMT, including the zinc finger proteins of the Snail/Slug
family, the basic helix-loop-helix factor Twist, and SIP1.52,55,56

We and others have demonstrated that Snail recruits LSD1 to
epithelial gene promoters with demethylation of H3K4me2 and
subsequent silencing of target genes to enhance tumor metasta-
sis.28,57,58 In addition, Slug, another transcriptional factor of the
Snail family, can also interact with LSD1 to facilitate tumor
metastasis.59 Both Snail and Slug recruit LSD1 and bind to a
series of E-boxes located within the BRCA1 promoter to repress
BRCA1 expression.

LSD1 and Breast Cancer Stem Cells

Breast CSCs are characterized by low levels of heat stable anti-
gen (CD24) and high levels of hyaluronan receptor (CD44) and
EpCAM expression.60 This subpopulation of cells has the ability
to self-renew and initiate tumor formation, and is intrinsically
resistant to therapies. It has been hypothesized that the similar
features shared by stem and cancer cells are attributed to their
shared gene expression patterns. The dedifferentiation process
that results in tumor cells is somewhat reminiscent of the

acquisition of pluripotency.61 Recently, a series of studies have
linked LSD1 function to the control of gene expression during
embryonic stem cell (ESC) differentiation. LSD1 is essential to
maintain the proper balance between H3k4me2/m3 and
H3K27me3 at the lineage-specific genes in human ESCs.62 The
Young group demonstrated that LSD1 formed a complex with
NuRD (nucleosome remodeling and histone deacetylase) to
decommission enhancers of the pluripotency program during dif-
ferentiation.63 LSD1 functions as a gatekeeper for the onset of
differentiation of trophoblast stem cells (TSCs). LSD1-deficient
TSCs display features of differentiation initiation, including
alterations in cell morphology and increased migration and
invasion.64

Recently, we found that LSD1 is also involved in the regula-
tion of CSC self-renewal and differentiation.29 We found that
expression of LSD1 was significantly higher in cells isolated from
MMTV-Wnt1 tumors than in those from normal mammary
glands or tumors from MMTV-HER2 mice. Cells isolated from
MMTV-Wnt1 tumors grew as sphere-cluster structures in a
monolayer; LSD1 knockdown changed the morphology and the
cells became disassociated and scattered, a phenomenon associ-
ated with cellular differentiation.65,66 LSD1 knockdown also
resulted in fewer and smaller tumorspheres under nonadherent
conditions, with a shift in the cytoarchitecture of these colonies
from solid organoid to a more acinar-like structure. These mor-
phological changes were concomitant with a reduction in the
expression of the basal cell marker CK14 and smooth muscle
actin (SMA), and increased expression of the luminal molecules
E-cadherin and ELF5. Consistent with these findings, LSD1
knockdown reduced the expression of Sox2 and Oct4. Therefore,
LSD1 plays a critical role in controlling CSC-like properties and
tumorigenicity in breast cancer. In agreement with these findings,
LSD1 inactivation causes selective increased methylation of
H3K4 and H3K9 on Sox2 and cell cycle genes, but only induces
increased H3K4 methylation on the promoters of differentiation
genes, resulting in the downregulation of Sox2 and cyclins and
the induction of genes required for differentiation.67

LSD1 Inhibitors

LSD1 is a therapeutic target and inhibition of LSD1 is an
effective strategy for multiple cancer types. To date, a handful of
small molecular inhibitors of LSD1 that are based on different
mechanisms have been developed (Fig. 2).68,69 The early LSD1
inhibitors such as tranylcypromine (TCP) and pargyline target
its demethylase activity, and are time-dependent and irreversible
LSD1 inhibitors. More recently, additional inhibitors with
increased selectivity for LSD1 have been developed as derivatives
of these scaffolds. These analogs of TCP have been tested pre-
clinically in the treatment of acute myelogenous leukemia
(AML).19,70 The polyamine derivatives biguanide and bisguani-
dine are effective inhibitors of LSD1 in human colon and breast
cancer cell lines.20,71 Namoline is another novel selective and
reversible inhibitor that is a promising starting compound for the
development of effective therapeutics.72 In addition, inhibitors
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based on LSD1 peptide
also have been developed.
For example, a 21-mer
peptide analog that targets
the H3K4 substrate region
of LSD1 has been
designed, in which Lys4 is
replaced by a methionine.
This linear peptide inhibits
LSD1 activity with a Ki of
0.04 mM, and inhibits
LSD1 bound to CoREST
with a Ki of 0.05 mM.73

Another novel LSD1
antagonist, SP2509,
attenuates the binding of
LSD1 with CoREST and
increases the permissive
H3K4me3 mark on target
gene promoters. Cotreat-
ment with the pan-HDAC
inhibitor (HDI) panobino-
stat (PS) and SP2509 is
synergistically lethal to cul-
tured and primary AML
blasts.74 The LSD1 antag-
onist GSK2879552 is a
potent, selective, mecha-
nism-based inactivator of
LSD1/CoREST activity
and is in clinical trial.
However, currently available small LSD1 inhibitors display poor
selectivity, low potency, or in vivo toxicity, limiting further inter-
rogation of the contribution of LSD1 to cancer at the organismal
level. Identification of novel LSD1 inhibitors that are potent,
selective, and reversible is essential to further elucidate the role of
LSD1 in cancer.

Future Perspectives

Extensive studies illustrate the importance of LSD1 in main-
taining expression of oncogenic programs and blocking differen-
tiation of multiple cancer types, and highlight the potential
therapeutic implications of targeting this important epigenetic
regulator in mammary carcinogenesis. Despite these exciting
findings, some very important questions still need to be
addressed. First, what environmental signals trigger the forma-
tion and stability of LSD1 complexes present on different gene
targets? Whether these extrinsic signals affect LSD1 activity indi-
rectly through intracellular signaling pathways, which have been
known to affect nuclear transcription, or directly through some
kinase that activates or suppresses LSD1 activity remains to be
determined. Second, what are the molecular signaling mecha-
nisms that determine the inhibitory or stimulatory nature and
function of LSD1 complexes? Previous studies indicate that

association with AR or ER determines the coactivator versus core-
pressor function of LSD1. However, more recent results suggest
that LSD1 activity is instead determined by properties of the ele-
ment to which it is being recruited. For example, LSD1 is more
likely to demethylate hypoacetylated nucleosomes.8 Moreover,
phosphorylation of H3T11 enhances the demethylation of
H3K9me by LSD1,75 whereas phosphorylation of H3T6 sup-
presses the LSD1-mediated demethylation of H3K4me1/2.76

Therefore, it will be interesting to determine the extent to which
histone modification or other factors regulate the function of
LSD1 as a suppressor versus an activator in distinct cell contexts.
Third, how does LSD1 target specific genes and affect chromatin
organization during differentiation as opposed to disease progres-
sion? LSD1 is the only histone demethylase known to have dual
H3K4me2/K9me2 specificities; this unique attribute makes it
important for maintaining expression of oncogenic gene pro-
grams and blocking differentiation in embryonic stem cells. Its
dual functions serve to “decommission” ESC enhancers since
pluripotent genes that need to be shut off during the initial steps
of differentiation rely on LSD1 for inactivation. Mutant ESCs
lacking this enzyme have difficulty progressing through differen-
tiation as a result of unabated transcription of pluripotency
genes.63 It would be appealing to properly define the dynamic
changes that LSD1 complexes undergo at different stages of

Figure 2. Structures of recently developed LSD1 inhibitors: (1–4) peptide based; (5–8) tranylcypromine-based; (9–12)
oligoamine-based.
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embryonic stem cell development. Finally, what long-term effect
will LSD1 inhibitors have on normal stem cells and the differen-
tiation program? Considering the plethora of LSD1 inhibitors
that have been developed, it is important to undertake a more
detailed analysis of the effect of LSD1 inhibitors on normal
human stem cells, particularly during human mammary gland
development. An understanding of these processes will improve
our knowledge of epigenetic modifications in general, and their
functional outcome in cancer and stem cell differentiation and
reprogramming. Future discoveries will yield more specific and
efficient LSD1 inhibitors to suppress tumor growth.
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