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Histone methylation has diverse functions including transcriptional regulation via its lysine or arginine residue
methylation. Studies indicate that deregulation of histone methylation is linked to human cancers including
leukemia. Histone H3K27 methyltrnasferase response element II binding protein (RE-IIBP), as a transcriptional
repressor to target gene IL-5, interacts with HDAC and is over-expressed in leukemia patient samples. In this study,
we have identified that hematopoiesis-related genes GATA1 and HOXA9 are down-regulated by RE-IIBP in K562
and 293T cells. Transient reporter analysis revealed that GATA1 transcription was repressed by RE-IIBP. On the
other hand, HOXA9 and PBX-related homeobox gene MEIS1 was up-regulated by RE-IIBP. These results suggest
that RE-IIBP might have a role in hematopoiesis or leukemogenesis by regulating the transcription of target genes,
possibly via its H3K27 methyltransferase activity.
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Introduction

In eukaryote, chromatin structure plays a critical role

in transcriptional regulation. Epigenetic modifications

on either DNA or histone subunits are important

factors for different transcriptional outcomes. It has

been proposed that DNA methylation is involved in

gene silencing and might play a role in carcinogenesis.

As compared with normal cells, the cancer cells show

major changes in their DNA methylation pattern (Bae

and Kim 2008). The posttranslational modifications of

histone N-terminus result in changes in chromatin

structure and are related with transcription activation

or repression (Li et al. 2007). Among the histone

modifications, methylation of histone at specific resi-

dues, K4, K9, K27, and K36 on H3 and K20 on H4 is

carried out by histone methyltransferases (HMTases)

containing SET domain. Specificity of methylation

sites on histone determines its biological effects includ-

ing transcriptional regulation (Zhang and Reinberg

2001).

WHSC1/MMSET/NSD2 splice variants have been

determined to be involved in certain human malig-

nancies, including leukemia and multiple myeloma

(MM). Among them, the response element II binding

protein (RE-IIBP) has been reported to initiate

translation at exon 15 of the transcript and possesses

a SET domain within its C-terminal region (Garlisi

et al. 2001). The expression of RE-IIBP appears to be

universal and was shown to bind to response element

II of the human interleukin-5 (IL-5) promoter and

suppresses transcription (Garlisi et al. 2001; Keats

et al. 2005). We have demonstrated that RE-IIBP

represses IL-5 expression through histone H3K27

hypermethylation and H3 hypoacetylation around

the promoter region (Kim et al. 2008). We further

determined that the H3K27 HMTase RE-IIBP is

up-regulated in the blood cells of various leukemic
patients (Kim et al. 2008).

In this study, we have identified hematopoiesis-

related genes regulated by RE-IIBP expression.

GATA1 and HOXA9 gene expressions were down-

regulated and MEIS1 gene expression was up-regulated

by the RE-IIBP. Considering the importance of identi-

fied genes in regulation of blood cell differentiation and

leukemia development, further research will identify a
possible role of RE-IIBP in these processes.

Materials and methods

Cell culture and transient transfection

K562 cells were grown in RPMI-1640 and 293T cells

were grown in Dulbecco’s modified Eagle’s medium

containing 10% heat-inactivated fetal bovine serum

and 0.05% penicillin�streptomycin at 378C in a 5%

CO2 atmosphere. K562 and 293T cells were transfected

with the indicated DNA constructs for 48 hr using
Lipofectamine 2000 (Invitrogen) or polyethylenimine

(Sigma).

RNA isolation and RT-PCR

K562 and 293T cells were transfected with pcDNA6,

pcDNA6�RE-IIBP, pSM2c-sh�RE-IIBP, and

pcDNA6�RE-IIBP-N. Total RNA was isolated using
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RNAiso Plus (TaKaRa). RNA (5 mg) was reverse

transcribed with oligo (dT) primer (Fermentas) and

M-MLV Reverse Transcriptase (Enzynomics). The

quantified cDNA was subjected to target gene

mRNA expression pattern analysis. RT-PCR was

performed using target gene specific primers. The

sequences of primers used for PCR and reaction

conditions are shown in Table 1.

Western blot analysis

K562 and 293T cells were transfected with pcDNA6,

pcDNA6�RE-IIBP, pSM2c�sh-RE-IIBP, and
pcDNA6�RE-IIBP-N. Total proteins were prepared

from lysed cells using RIPA lysis buffer (50 mM Tris�
HCl [pH8.0], 150 mM NaCl, 0.1% SDS, 0.5% SDC, 1%

NP40, 1X protease inhibitor cocktail, and 1 mM

EDTA), fractionated by 12% SDS�PAGE gel and

transferred to nitrocellulose membranes. The mem-

branes were probed overnight with a-GATA1, a-

MEIS1 antibodies (Santa Cruz Biotechnology) at
48C. The blots were incubated with HRP-conjugated

a-goat antibody (Santa Cruz Biotechnology)

and detected using an ECL system (Santa Cruz

Biotechnology).

Luciferase assay

K562 and 293T cells were seeded at the density of

3.2�104 cells in 48 well plates and were transfected

with pGL3-GATA1 promoter (100 ng), PMX-GATA1-

FIG (200 ng), PMX-GATA1-FIG-DZF (100 ng,

200 ng) and pcDNA6-RE-IIBP (100 ng, 200 ng) using

Lipofectamine 2000 (Invitrogen), or polyethylenimine
(Sigma). After 48 hr of transfection, cells were collected

and lysed in cell culture lysis reagent (Promega).

Luciferase activities were measured by adding 15 ml

luciferase assay substrate (Promega) into 80 ml of cell

lysates using a Glomax luminometer (Promega). The

results were confirmed by performing the experiment at

least three times.

Statistical analysis

The data were presented as the means 9 SD of three or

more independent experiments. Statistical significance

(PB0.05) was evaluated using Microsoft EXCEL

software. Differences between groups were evaluated

via one-way analysis of variance (ANOVA), followed

by Student’s t-tests.

Results and discussion

Identification of RE-IIBP target genes

To investigate RE-IIBP target genes in hematopoiesis,

we performed RT-PCR and Western blot for selected
genes which have been known for their roles in blood

cell differentiation. Transcription factor GATA1 has an

important role in differentiation of erythroid cells.

Over-expression of RE-IIBP significantly down-regu-

lated GATA1 expression, in contrast knock down of

RE-IIBP by sh-RE-IIBP RNA up-regulated the ex-

pression (Figure 1A). Repression of GATA1 expression

was further confirmed in the protein level by Western
blot (Figure 1B). Next, we looked at the expression

level of one of the leukemogenesis-related gene,

HOXA9. HOXA9 is a transcription factor and its

translocation with the NUP98 gene has been associated

with myeloid leukemogenesis. The expression of

HOXA9 was almost completely repressed when RE-

IIBP was over-expressed, however, knock down of

RE-IIBP significantly increased HOXA9 expression
(Figure 1C). Furthermore, we tested the expression

level of homeobox gene MEIS1. MEIS1 has diverse

functions including early development and neoplasia.

It has been known that MEIS1 forms triple complex

Table 1. List of primer sets for RT-PCR.

Target gene name Primer sequence Annealing temperature

GATA1 F: 5?-GGATCCGCCATGGAGTTCCCTGGCCTG-3? 62 8C
R: 5?-CTCGAGCACTCATGAGCTGAGCGGAGC-3?

MEIS1 F: 5?-TCTGCACTCGCATCAGTACC-3? 58 8C
R: 5?-GGCTCGACTATTCTTCTCCG-3?

HOXA9 F: 5?-CAGAACCGCAGGATGAAAAT-3? 59 8C
R: 5?-GAATCTATGCATCCCCGAGA-3?

ID-1 F: 5?-GGATCCGCCATGAAAGTCGCCAGTGGC-3? 66 8C
R: 5?-CTCGAGCACTCAGCGACACAAGATGCG-3?

GADD45B F: 5?-GGATCCGCCATGACGCTGGAAGAGCTC-3? 66 8C
R: 5?-CTCGAGCACTCAGCGTTCCTGAAGAGA-3?
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Figure 1. RE-IIBP represses transcription of leukemogenesis-related genes. (A) mRNA level of GATA1 was regulated by RE-

IIBP. K562 cells were transfected with pcDNA6, pcDNA6�RE-IIBP, and pSM2c-sh�RE-IIBP. Total mRNA was isolated from

each cells and RT-PCR was performed using GATA1 primers. (B) GATA1 was regulated by RE-IIBP in protein level. Western

blot was performed using a-GATA1 antibody in transfected K562 cells. b-Actin was used as a loading control. (C�E) 293T cells

were transfected with pcDNA6, pcDNA6�RE-IIBP, and pSM2c-sh�RE-IIBP. RT-PCR was performed using HOXA9, MEIS1,

ID-1, and GADD45B-specific primers. b-Actin was used as a loading control. The results are representative of at least two

independent experiments. Each graph represents band intensity of target genes compared with b-Actin.
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with HOXA9 and PBX1 in myeloid cells (Shen et al.

1999). In contrast to GATA1 and HOXA9, RE-IIBP

up-regulated MEIS1 expression (Figure 1D). RE-IIBP

knock down by sh-RE-IIBP RNA significantly down-

regulated MEIS1 expression, which suggests positive

regulatory role of RE-IIBP on MEIS1 expression

(Figure 1D). These results indicate that RE-IIBP might

play both negative and positive regulatory roles in

transcription depending on target genes. Recently, one

of the RE-IIBP isoform, MMSET target genes were

profiled using DNA microarray in erythroid leukemia

cell line K562 (Hudlebusch et al. 2005). Among

differently expressed genes, we screened helix-loop-

helix protein inhibitor of differentiation (ID-1) and

growth arrest and DNA-damage inducible beta

(GADD45B) which are up-regulated by MMSET. In

contrast to the result of differential expression profil-

ing, we found that ID-1 and GADD45B expressions

were repressed by RE-IIBP over-expression (Figure

1E). Again, knock down of RE-IIBP restored both

expressions (Figure 1E). ID-1 can heterodimerize with

members of the basic HLH family of transcription

factors and can be used to mark endothelial progenitor

cells which are critical to tumor growth and angiogen-

esis (Lyden et al. 1999). GADD45B has a function as

stress sensor and is implicated in biological processes

including DNA damage response, cell cycle arrest,

apoptosis, and cell survival (Gupta et al. 2005).

SET domain dependent regulation of target genes by RE-
IIBP

The importance of the SET and post-SET domains in

HMTase activity has been reported previously. Dele-

tion of the post-SET domain drastically reduced the

H3K27 HMTase activity of RE-IIBP, and deletion of

the SET domain completely abolished enzyme activity

(Kim et al. 2008). We further investigated whether RE-

IIBP-mediated target gene regulation is SET domain
dependent. We transfected wild type RE-IIBP and C-

terminus deletion mutant excluding SET and post-SET

domain to K562 and 293T cells and monitored the

expression of target genes (Figure 2A). GATA1 ex-

pression was down-regulated by RE-IIBP over-expres-

sion and knock down of RE-IIBP by sh-RE-IIBP RNA

recovered the expression. When we transfected SET

domain deletion mutant, expression level of GATA1
remained intact (Figure 2B). Consistent results were

obtained by Western blot suggesting the importance of

HMTase activity in regulation of target gene GATA1

Figure 2. Regulations of GATA1 and MEIS1 transcription by RE-IIBP are SET domain dependent. (A) Schematic view of wild

type RE-IIBP and C-terminus deletion mutant. Full-length (amino acids 1-704) and RE-IIBP-N (amino acids 1-401). (B and C)

GATA1 was down-regulated by RE-IIBP in SET domain-dependent manner. K562 cells were transfected with pcDNA6,

pcDNA6�RE-IIBP, pSM2c-sh�RE-IIBP, and pcDNA6�RE-IIBP-N. RT-PCR and Western blot were performed with GATA1

specific primers and antibody. b-Actin was used as a loading control. (D and E) Up-regulation of MEIS1 by RE-IIBP was SET

domain dependent. 293T cells were transfected with the indicated DNA constructs. RT-PCR and Western blot were performed

with MEIS1 specific primers and antibody. b-Actin was used as a loading control. The results were confirmed by performing the

experiment at least two times.
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expression by RE-IIBP (Figure 2C). When we looked

at the expression of MEIS1, RE-IIBP up-regulated the

MEIS1 expression and sh-RE-IIBP RNA and SET

domain deletion mutant significantly down-regulated

the MEIS1 expression (Figure 2D). Again, similar

patterns were observed in protein level by Western

blot (Figure 2E). Taken together, these results prove

that the presence of SET domain-mediated intrinsic
HMTase activity of RE-IIBP is important for the

regulation of target gene expression.

RE-IIBP negatively regulates GATA1 transcription

Erythroid transcription factor also known as GATA-

binding factor 1 is a member of the GATA transcrip-

tion factor family and is involved in cell growth and

carcinogenesis (Ferreira et al. 2005). GATA1 is essen-

tial for erythroid and megakaryocytic development and

knockout mice are embryonic lethal (Shivdasani et al.
1997). It contains three domains: the C-finger, the N-

finger, and the activation domain. The C-finger, located

in C-terminal, has a zinc finger DNA binding domain.

Next, we investigated the effects of RE-IIBP on

GATA1 promoter activity using reporter assay. Tran-

sient co-transfection experiments were conducted using

pGL3-GATA1 luciferase reporter, PMX-GATA1-FIG,

PMX-GATA1-FIG-DZF, and pcDNA6�RE-IIBP con-
structs in both 293T and K562 cells (Figure 3). In this

assay, luciferase activity was increased by GATA1

expression whereas the zinc finger-deleted GATA1

failed to elicit pGL3-GATA1 promoter-driven

transactivation. This result confirmed the importance

of the zinc finger domain of GATA1 (Figure 3A and

B). The elevated activity of the pGL3-GATA1 promo-

ter in the presence of wild type GATA1 showed

dramatic decrease in transcriptional activity when

RE-IIBP was co-transfected in both cell lines (Figure

3A and B). These results indicate that RE-IIBP

functions as a negative transcriptional regulator of

GATA1 expression.

Previous reports suggested that MMSET has di-

verse lysine specificity including H3K4, 27, 36, and

H4K20 (Kim et al. 2008; Marango et al. 2008; Pei et al.

2011). These reports suggest that MMSET regulates

methylation level of diverse lysine residues directly or

indirectly by interaction with other effectors. Another

study suggests that these diversity or discrepancy on

target lysine selection might be contributed by the

nature of the substrates such as octamers versus

nucleosomes, etc. (Li et al. 2009).

In this study, we selected list of genes involved in

blood cell differentiation or leukemogenesis and tested

gene expressions by H3K27 HMTase RE-IIBP. Among

the tested genes, we found that zinc finger transcription

factor GATA1 and homeobox containing transcription

factor HOXA9 were down-regulated by RE-IIBP over-

expression. These proteins have critical roles in hema-

topoietic cell development via transcriptional regula-

tion of numerous target genes. We showed that RE-

IIBP down-regulated GATA1 transcription, which

indicated its possible role in GATA1-mediated hema-

topoiesis. We propose that the same mechanism is

applied to transcriptional regulation of HOXA9. On

the contrary, it is interesting that RE-IIBP up-regulated

MEIS1 expression. MEIS1 expression is a strong

inducer of caspase-dependent apoptosis via the inter-

action with cofactor PBX (Berthelsen et al. 1999).

Further research such as the effects of RE-IIBP on

MEIS1-mediated apoptosis, PBX dependence, and

Figure 3. RE-IIBP negatively regulates GATA1 transcription. (A and B) 293T and K562 cells were transfected with the pGL3-

GATA1 promoter (100 ng), PMX-GATA1-FIG (200 ng), PMX-GATA1-FIG-DZF (100 ng, 200 ng) and pcDNA6�RE-IIBP

(100 ng, 200 ng), and their cell extracts were assayed for luciferase activity. The pcDNA6 empty vector was used in all subsequent

transfections as a negative control and was added to maintain equal amounts of total transfected DNA. Data in A and B are

presented as mean 9 SD; n�4. *PB0.05, **PB0.01, and ***PB0.001.
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nuclear localization would reveal detailed role of

HMTase RE-IIBP in leukemogenesis.
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