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Abstract: The dynamic and reversed expression of GATA1 and GATA2 are essential for proper erythroid differen-
tiation. Our previous work demonstrates that LSD1, a histone H3K4 demethylase, represses GATA2 expression 
at late stage of erythroid differentiation. K562 and MEL cells were used and cultured in Roswell Park Memorial 
Institute-1640 medium (RPMI) and Dulbecco’s modified Eagle’s medium (DMEM), respectively. Western blot assay 
was used to examine the GATA1, GATA2, TAL1, HDAC1, HDAC2, CoREST and β-actin protein. The immunoprecipita-
tion assay and GST pull-down assay were employed to detect the precipitated protein complexes and investigate the 
interaction between the proteins. The small interfering RNA (siRNA) and nonspecific control siRNA were synthesized 
to silence the target genes. Double fluorescence immunostaining was used to observe the association of LSD1 
with GATA2 in K562 cells. The results indicated that knockdown of LSD1 in K562 cell causes increased H3K4 di-
methylation at GATA1 locus and activates GATA1 expression, demonstrating that LSD1 represses GATA1 expression 
through LSD1-mediated histone demethylation. Upon induced erythroid differentiation of K562 cells, the interaction 
between GATA2 and LSD1 is decreased, consistent with a de-repression of GATA1 expression. Meanwhile, the inter-
action between TAL1 and LSD1 is increased, which forms a complex that efficiently suppresses GATA2 expression. 
In conclusion, these observations reveal an elegant mechanism to modulate GATA1 and GATA2 expression during 
erythroid differentiation. While LSD1 mainly forms complex with GATA2 to repress GATA1 expression in hematopoi-
etic progenitor cells, it mostly forms complex with TAL1 to repress GATA2 expression in differentiated cells. 
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Introduction

During erythoid differentiation, lineage- and 
stage-specific gene expression is or chestrated 
by highly interactive networks of transcription 
factors and epigenetic regulators. GATA1, which 
binds to the GATA binding site (T/A) GATA (A/G), 
is a key transcription factors that regulate ery-
thorid differentiation [1-4]. GATA2 is predomi-
nantly expressed in hematopoietic stem cells 
(HSC) and early hematopoietic progenitor cells, 
and is essential for their proliferation and main-
tenance [5-7]. In contrast to GATA2, the expres-
sion of GATA1 is first initiated at the early stage 
of erythroid differentiation, which regulates the 
expression of a series of erythroid-specific 
genes for further differentiation. At the late 
stage of erythroid differentiation, GATA1 

expression is increased further by GATA1-
mediated auto-regulation. Meanwhile, the 
increased level of GATA1 also replaces GATA2 
at the GATA binding sites in the GATA2 gene and 
suppresses the expression of GATA2 [8-10]. 
Such transition of dominant GATA transcription 
factors has been termed as the “GATA Factor 
Switching”. 

The dynamic expression of GATA1 is crucial for 
proper erythroid differentiation, and is tightly 
regulated by interactions among multiple tran-
scription factors, epigenetic regulators and cis-
regulatory elements in the Gata1 gene locus. 
Gata1 locus contains multiple cis-regulatory 
elements involved in the regulation of Gata1 
gene expression, including a Gata1 hematopoi-
etic enhancer (G1HE), a palindromic GATA-
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binding site (dbG) and two adjacent CACCC 
boxes [11-15]. Upon erythroid differentiation, 
demethylation of GATA1 gene regulatory 
regions allows increased GATA2 binding to the 
GATA binding sites, which promotes the GATA1 
gene expression in early hematopoietic progen-
itor cells [16]. 

Histone modifications, such as acetylation, 
phosphorylation, and methylation, play pivotal 
roles in regulating gene expression by altering 
chromatin structure [17-19]. Lysine methylation 
in vivo constitutes important regulatory signals 
that demarcate either negative or positive regu-
lation of gene expression, depending on the 
context of a particular lysine residue and the 
number of methyl moieties added [20, 21]. For 
example, genes that are repressed are gener-
ally associated with methylated lysine 9 or 27 
on histone H3 (denoted as H3K9 and H3K27), 
whereas genes with active transcription are 
marked by methylations at H3K4, H3K36 and 
H3K79 residues [22]. Although histone methyl-
ation was suggested to be irreversible for a 
long time, the identification of the site-specific 
histone demethylases provides compelling evi-
dence that this modification is dynamically reg-
ulated [23-26]. Lysine methylation is controlled 
by the opposing activities of lysine methyltrans-
ferases (KMTs) and lysine demethylases (KD- 
Ms) [24, 27, 28]. Lysine demethylases (KDMs) 
consist of the flavin adenine dinucleotide (FAD)-
dependent lysine-specific demethylases, LSD1 
and LSD2 [29-31], and the Jumonji C domain-
containing histone demethylases [24]. LSD1 is 
the first identified histone demethylase, which 
contains three major domains: an N-terminal 
Swi3p/Rsc8p/Moira (SWIRM) domain, a C- 
terminal amine oxidase-like (AOL) domain, and 
a central protruding Tower domain [32-34]. 
LSD1 associates with other co-repressors such 
as HDAC1/2 and CoREST to form a core ternary 
complex, which is recruited to their target sites 
to repress transcription [35]. Since its identifi-
cation, LSD1 has been shown to be crucial for a 
number of cellular processes, including ES cell 
pluripotency, cellular proliferation, and differen-
tiation [36-41]. Knockdown of LSD1 disrupts 
normal erythroid differentiation. 

Our previous work demonstrates that LSD1 
interacts with T cell acute lymphocytic leuke-
mia 1 (TAL1), another key transcription factor 
required for hematopoietic differentiation, and 
suppresses expression of TAL1 target genes 

through H3K4 demethylation [42, 43]. For 
instance, LSD1 is recruited to the regulatory 
region of GATA2 gene by TAL1 and suppress 
GATA2 expression at late stage of erythroid dif-
ferentiation [44]. Here, we report that LSD1 can 
form complex with GATA2 and TAL1 to repress 
GATA1 expression at undifferentiated cells.

Materials and methods

Cells culture and cell differentiation

K562 and MEL were gifts from Dr. Zhe Li 
(Harvard University). K562 cells were cultured 
in Roswell Park Memorial Institute-1640 medi-
um (RPMI) (Gibco) with 10% fetal bovine se- 
rum (FBS), 100 U/ml of penicillin and 100 μg/
ml of steptomycin. MEL cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) 
(Gibco) with 10% FBS, 100 U/ml of penicillin 
and 100 μg/ml of steptomycin. Cells were 
maintained at 37°C and 5% CO2 in a humidified 
incubator. For erythroid differentiation, K562 
cells were treated with 40 μM hemin, while MEL 
cells were treated with 1% DMSO.

Western blot assay

Whole cell extracts were prepared by ice-cold 
whole cell extraction buffer (WCEB), which con-
tains 25 mM β-glycerophosphate (pH 7.3), 5 
mM EDTA, 2 mM EGTA, 5 mM β-mercaptoetha- 
nol, 1% Triton X-100, 0.1 M NaCl, and a prote-
ase inhibitor mixture (Roche Applied Science). 
The protein concentrations of whole cell 
lysateswere determined by Bradford methods. 
Equal amounts of protein (30 μg) wereboiled 
with SDS sample buffer (50 mM Tris [pH 6.8], 
100 mM DTT, 2% SDS, 0.1% bromophenol blue, 
10% glycerol) for 5 minutes, fractionatedby 
10% SDS polyacrylamide gels (PAGE) and trans-
ferred to polyvinylidene fluoride (PVDF) mem-
branes. After blocking in TBST with 3% bovine 
serum albumin (BSA) at 37°C for 1 hour, the 
membranes were incubated with the mouse 
anti-human LSD1 (ab17721, Abcam, UK), anti-
huam GATA1 (ab11852, Abcam, UK), anti-
human GATA2 (ab22849, Abcam, UK), anti-
human TAL1 (ab75739, Abcam, UK), ant-human 
HDAC1 (ab7028, Abcam, UK), anti-human 
HDAC2 (ab7029, Abcam, UK) monoclonal anti-
bodies and mouse anti-human CoREST (#07-
455, Millipore, USA) monoclonal antibody and 
mouse anti-human β-actin (TA-09, ZSGB-BIO, 
USA) monoclonal antibody at 4°C overnight, 
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washed 4×15 minutes in TBST, and incubated 
with appropriate horseradish peroxidase (HRP)-
conjugated goat anti-rabbit polyclonal antibody 
(bs-0295G, Bioss, USA) and HRP-conjugated 
goat anti-mouse monoclonal antibody (bs-
0296G, Bioss, USA) at 37°C for 1 hour. The 
membranes were washed 4×15 minutes in 
TBST and visualized by Tanon-5200 Che- 
miluminescent Imaging System (Tanon Science 
& Technology). 

Immunoprecipitation

Nuclear extracts were prepared as described 
perviously [42]. Nuclear extract (800 μg) were 
incubated with 15 μg anti-LSD1 or 15 ug anti-
GATA2 antibodies overnight and conjugated to 
Dynabeads Protein G (Novex by Life Te- 
chnologies, 150198430) at 4°C for 2 hours. 
The beads were washed with RIPA buffer for 
three times (15 minutes each time), and protein 
was eluted with SDS sample buffer. The precipi-
tated protein complexes were analyzed by 10% 
SDS-PAGE and Western blot. 

GST pull-down assay

Glutathinoe-S-transferase (GST)-tagged LSD1 
proteins were prepared as described previously 
[42]. Expression of GST-tagged LSD1 was con-
firmed by SDS-PAGE and Coomassie blue stain-
ing. Nuclear extracts (500 μg) were incubated 
with equal amount of GST-tagged LSD1 pro-
teins at 4°C overnight. After washing with RIPA 
buffer (1% DOC Sodium deoxgoholate, 0.1% 
SDS) for 3 times, the proteins that bound to the 
beads were eluted with SDS sample buffer, and 
analyzed by SDS-PAGE and Western blot.

Double fluorescence immunostaining 

K562 cells were fixed with 4% paraformalde-
hyde for 30 min, washed in PBS, then incubat-

ed in 0.3% Triton X-100, washed with PBS, and 
blocked in 1% BSA for 30 min, followed by incu-
bation of LSD1 antibody at 4°C overnight and 
incubation of GATA2 antibody for 3 hours at 
37°C. After PBS washed, the cells were incu-
bated in secondary antibodies (anti-mouse IgG 
conjugated with cy3 and anti-Rabbit IgG conju-
gated with FITC), in PBS, and mounted with 
6-diamidino-2-phenylindole (DAPI) to visualize 
the nucleus. Fluorescence photography was 
captured with a confocal microscope (Olympus).

siRNA knockdown

Small interfering RNA (siRNA) and nonspecific 
control siRNA were synthesized (Dharmacon), 
and transfected into K562 cells with 
Lipofectamine RNAiMAX (Life Technologies) fol-
lowing the manufacture’s instruction. The 
knockdown efficiencies were confirmed by 
Western blot or qPCR. The targeting sequences 
of siRNA were listed in Table 1.

Statistical analysis

Data were presented as mean ± SD. Statistical 
analysis was conducted using Student’s t test 
or one-way ANOVA with Graph Pad Prism 5 soft-
ware. A probability value with P<0.05 was con-
sidered statistically significant. 

Results

GATA2 associates with LSD1 complex

To investigate the potential interaction between 
GATA2 and LSD1 in hematopoietic cell lines, we 
performed co-immunoprecipitation in K562 
nuclear extract with GATA2 and LSD1 antibod-
ies respectively. The data demonstrated that 
GATA2 associated with LSD1 in K562 cells. 
Furthermore, GATA2 also associated with sev-
eral other components of LSD1 complex, 
including CoREST, HDAC1 and HDAC2 (Figure 
1A and 1B). Consistently, we found that LSD1 
was co-localized with endogenous GATA2 in the 
nucleus (Figure 1C). Next, we sought to charac-
terize which domain of LSD1 was involved in 
the interaction with GATA2. LSD1 and its trun-
cated forms were expressed as GST fusion pro-
teins (GST-LSD1) (Figure 1D). Wild-type and 
truncated GST-LSD1 were incubated with K562 
nuclear extracts. GATA2 interacts with the trun-
cated form of LSD1 that contains the SWIRM 
domain, while neither N-terminal nor C-terminal 
amine oxidase domain of LSD1 interacts with 

Table 1. The targeting sequences of siRNAs
siRNAs Sequences
siLSD1-1 CUAUAAAGCUCCAAUACUG
siLSD1-2 GGCUCUUCUAGCAAUACUA
siLSD1-3 UCAAUGUCCUCAAUAAUAA
siLSD1-4 GCAAGGAAUAUGAUGAAUU
siGATA2-1 CUGAUGAGUUAAUUGUUUU
siGATA2-2 GCAUGAAGAUGGAAAGUGG
siGATA2-3 CCUGCAUGGACAGUUGUUU
siGATA2-4 UCUUAUUCCUUUAAAGUGA
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GATA2 (Figures 1E, 2). Together, 
these results demonstrated that 
LSD1 associates with GATA2 andt 
he SWIRM domain is required for 
the association. 

GATA2 represses GATA1 expres-
sion through LSD1-mediated 
H3K4 demethylation

To investigate the role of the GATA2 
and LSD1 interaction in regulating 
GATA1 expression, we performed 
LSD1 and GATA2 knockdown and 
assessed the expression of GATA1 
in undifferentiated K562 cells. KD 

Figure 1. GATA2 associated with LSD1. A. K562 nuclear extract was immunoprecipitated by an anti-GATA2 antibody 
and subjected to western blotting analysis with anti-LSD1, anti-CoREST, anti-HDAC1, anti-HDAC2 antibody. B. K562 
nuclear extract was immunoprecipitated by an anti-LSD1 antibody and subjected to western blotting analysis with 
with anti-LSD1, anti-CoREST, anti-HDAC1, anti-HDAC2 antibody. C. Immunofluorescence analysis showing the as-
sociation of LSD1 (red) with GATA2 (green) in K562 cells. Scale bars = 20 μm. D. Schematic representations of 
the structure of LSD1 and the GST-LSD1 fusion proteins used in GST pull-down assays. E. GST, GST-LSD1N, GST-
LSD1SWIRM and GST-LSD1AO fusion proteins were pre-adsorbed to glutathione-Sepharose beads, and incubated with 
K562 nuclear extracts. Proteins that were bound to LSD1 were eluted and resolved with a SDS-PAGE gel (lower 
panel), and subjected to western blotting analysis with an anti-LSD1 antibody (upper panel).

Figure 2. GST pull-down assay for LSD1 and GATA2. A. GST and GST-
LSD1SWIRM fusion protein pre-adsorbed to glutathione-Sepharose beads. 
Coomassie staining of SDS-PAGE gels show the relative site of the pro-

teins. B. Nuclear extract from K562 
were incubated with LSD1 fusion pro-
teins and precipitated with GST beads 
and analyzed with GATA2 antibody. 
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of LSD1, GATA2, or both exhibited a significant 
increased expression of GATA1 (Figure 3A, 3B). 
There are several cis-regulatory elements in 
GATA1 genelocus, including double-GATA motif 
(dbG) and IE promoter, both of which are essen-
tial for erythroid cell-specific GATA1 expression. 
Double-GATA motif is a palindromic GATA-
binding site located 700-bp 5’ to the IE exon, 
which has eight-fold higher binding affinity than 
a single GATA site [45-47], and GATA1 bind to IE 
promoter in both mouse and human erythroid 
cells (Figure 3C) [47, 48]. To detect whether 
GATA2 binds to the cis-regulatory regions of the 
GATA1 locus, we performed Chromatin-
Immunoprecipitation (ChIP) assay. ChIP results 
showed that GATA2 binds to both dbG and IE 
sites (Figure 3D). Interestingly, LSD1 also occu-
py at both dbG and IE sites (Figure 3E). After 

LSD1 knockdown, the H3K4 methylation at the 
dbG and IE sites increased, demonstrating that 
the binding of LSD1 complex caused H3K4 
demethylation at these sites of GATA1 gene 
(Figure 3F).

LSD1 and TAL1 gene expression are altered 
during erythroid differentiation

To study the function of LSD1-mediated GATA1 
expression during erythroid differentiation, we 
investigated the expression of LSD1, TAL1, 
GATA1, GATA2 in induced K562 cells (Figure 
4A, 4B). After induction with hemin, the K562 
cell pellets became red, indicating expression 
of hemoglobin (Figure 4A). Indeed real-time 
PCR results demonstrated increased expres-
sion of β-globin in induced K562 cells (Figure 

Figure 3. GATA2 recruits LSD1 to the GATA1 locus. A. LSD1, GATA2, GATA1, TAL1 expression in K562 cells with LSD1 
KD, GATA2 KD as well as LSD1 and GATA2 double KD (KD, knock down). B. Quantitative PCR of LSD1, GATA2, GATA1, 
TAL1 in K562 cells with LSD1 KD, GATA2 KD as well as LSD1 and GATA2 double KD. C. A schematic map of GATA 
binding sites on the GATA1 locus. D. ChIP (ChIP, Chromatin-Immunoprecipitation) with anti-GATA2 antibody in K562 
cells, and PCR with primers specific to the indicated sites of the GATA1 locus. E. ChIP with anti-LSD1 antibody in 
K562 cells, and PCR with primers specific to the indicated sites of the GATA1 locus. F. ChIP with anti-H3K4me2 anti-
body from control and LSD1-KD K562 cells and PCR with primers specific to the indicated sites in the Gata1 locus.
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Figure 4. The expression of LSD1, TAL1, GATA1, GATA2 changes after induction of erythroid differentiation. (A) Photography of pellets of K562 cells after induction 
of erythroid differentiation (0 day, 1 day, 3 day, 5 day). (B) mRNA were prepared from K562 cells after induction of erythroid differentiation (0 day, 1 day, 3 day, 
5 day). Transcriptional level of β-globin and β-actin were analyzed by quantitative PCR. (C) Cell lysates were prepared from K562 cells after induction of erythroid 
differentiation (0 day, 1 day, 3 day, 5 day), analyzed by SDS-PAGE and western blotting using GATA1-, GATA2-, LSD1-, CoREST-, HDAC1-, HDAC2-, TAL1- and β-actin 
specific antibodies. These results are representative of three experiments with different samples. (D) The relative expressions of GATA1, GATA2, LSD1, CoREST, 
HDAC1, HDAC2 and TAL1 protein from (C) were quantified (n = 3) and normalized to β-actin protein. 
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4B), suggesting an effective erythroid differen-
tiation. The expression of GATA1 was increased, 
and the expression of GATA2, LSD1, CoREST, 
HDAC1 and HDAC2 were decreased during ery-
throid differentiation. Interestingly, the level of 
TAL1 expression was slightly increased at day 
1, and decreased gradually at day 3 and 5 
(Figure 4C, 4D). 

Interaction between GATA2 and LSD1 is de-
creased during erythroid differentiation

Immunoprecipitation experiments were per-
formed with the GATA2, LSD1 and TAL1 anti-

bodies in K562 cells during induced erythroid 
differentiation, and we found that the interac-
tion between LSD1 and GATA2 was decreased 
at day 3 (Figure 5A, 5B). While the interaction 
between TAL1 and LSD1 was increased (Figure 
5B), the interaction between TAL1 and GATA2 
was decreased during the induced erythroid 
differentiation (Figure 5C). TAL1 might interact 
with GATA2 through LSD1 and form a super 
transcription complex. To prove this hypothesis, 
the nuclear extracts of wild-type and LSD1-KD 
K562 were subjected to immunoprecipitation 
with anti-GATA2 antibody. After knocked down 

Figure 5. The mechanism of LSD1, TAL1, GATA2 coregulate Gata1 expression during erythroid differentiation. A. IP 
with the GATA2 antibody in K562 cells during differentiation, Western blots with TAL1 and LSD1. B. IP with the LSD1 
antibody in K562 cells during differentiation, Western blots with GATA2, TAL1 and LSD1. C. IP with the TAL1 antibody 
in K562 cells during differentiation, Western blots with GATA2 and LSD1. D. Nuclear extract were prepared from 
K562 cells after induction of erythroid differentiation (0 day, 1 day, 3 day) and immunoprecipitated by an anti-GATA2 
antibody and subjected to western blotting analysis with anti-LSD1, anti-TAL1 antibodies in wild-type and LSD1-KD 
cells. E. A proposed model to illustrate how LSD1 function in erythropoiesis. LSD1 is recruited to specific locus 
of Gata1 by GATA2 at early stage of erythropoiesis, which results in downregulation of the active histone marker 
H3K4me2 and promoter activity. During the initiation of erythropoiesis, LSD1 leaves GATA1 with TAL1, which allows 
GATA2 starts to activate GATA1 expression.
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of LSD1, the interaction between TAL1 and 
GATA2 was indeed decreased (Figure 5D). 

Discussion

In this study, we report a novel interaction 
between LSD1 and GATA2 that mediates 
repression of GATA1 expression. GATA2 recruits 
LSD1 to GATA binding sites of Gata1 gene and 
repress GATA1 expression through H3K4 
demethylation in undifferentiated cells. Upon 
induced erythroid differentiation, LSD1 is 
released from GATA2, and therefore leads to 
the de-repression of GATA1 (Figure 5D). 

It has been shown that GATA2 can bind to the 
promoter region of GATA1 and repress GATA1 
expression in the hematopoietic stem and pro-
genitor cells. Genome-wide researches have 
reported that GATA1 and TAL1 extensively co-
occupy genomic sites in the erythroid cells. 
Some other studies also demonstrated the 
interaction between TAL1 and LSD1 or LSD1 
and GATA1 [42, 43]. However, the molecular 
mechanism underlying GATA2-mediated GATA1 
expression was not clear explored till now. Our 
work clearly demonstrates that GATA2 can bind 
to the dbG and 1E sites in undifferentiated 
K562 cells. Furthermore, GATA2 recruits LSD1 
to these sites and causes H3K4 demethylation. 
Our results show that GATA2 regulates GATA1 
expression through an epigenetic mechanism.

Although the LSD1 molecule silences genes by 
acting as the histone deethylase protein, inter-
estingly, the LSD1 is also a component of the 
histone deacetylase complexs [29, 35, 37]. The 
previous studies reported that the histone 
modification triggered by the LSD1 signaling 
pathway plays a critical role in a series of dis-
eases, including colon cancer [49], bladder 
cancer [50] and the other cancers [51]. We 
speculated that the LSD1 would act as a prom-
ising therapeutic target for some of the diseas-
es. Therefore, we investigated the function of 
GATA3 in this study by exploring the LSD1 his-
tone modification.

In this study, the association between GATA2 
and LSD1 is decreased after the induced dif-
ferentiation of K562 cells. Such decreased 
association might be caused by the decreased 
expression of GATA2. However, we notice that 
the association between TAL1 and LSD1 is 
increased in the differentiated K562 cells, sug-
gesting that TAL1 might be involved in this dis-

sociation as well. Moreover, the pathology of 
GATA2 has also implicated in the lung cancer 
[52]. The targeting processes that occur down-
stream of GATA2 signaling with clinically 
approved drugs had a very important effect in 
some of the disease models [52]. Therefore, we 
speculated that the GATA2 may be a significant 
therapeutic target for some of the cancers and 
other diseases. However, the previous studies 
have not been discovered the effective and 
available compounds targeting the GATA2. 
Fortunately, our study discovered for the first 
time that the functions of GATA2 was complet-
ed through the LSD1 pathway, which would pro-
vide the promising method for anti-tumor 
therapy. 

In conclusion, our findings reveal an elegant 
mechanism to modulate GATA1 and GATA2 
expression during erythroid differentiation. 
While LSD1 mainly forms complex with GATA2 
to repress GATA1 expression in hematopoietic 
progenitor cells, it mostly forms complex with 
TAL1 to repress GATA2 expression in differenti-
ated cells. 
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