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ABSTRACT

Silencing of SOCS1, a TSG, has been detected in vari-
ous malignancies, including AML. However, the un-
derlying mechanism of SOCS1 inactivation remains
elusive. In this study, we explored the role of histone
methylation in SOCS1 expression in AML cells. By
ChIP assay, we demonstrated that G9a and SUV39H1,
two enzymes catalyzing H3K9 methylation, were
physically associated with the SOCS7 promoter, and
treatment with chaetocin, a histone methyltrans-
ferase inhibitor, suppressed H3K9 methylation on the
SOCS1 promoter and enhanced SOCS1 expression.
Furthermore, knockdown of G9a and SUV39H1 by
siRNA could also induce SOCS1 expression. On the
other hand, SOCS1 knockdown by shRNA eliminated
chaetocin-induced cell apoptosis. To investigate fur-
ther whether any transcription factor was involved in
H3K9 methylation-related SOCS1 repression, we
scanned the sequences of the SOCS71 gene promoter
and found two binding sites for Gfi-1, a transcription
repressor. By DNA pull-down and ChIP assays, we
showed that Gfi-1 directly bound the SOCS7 promoter,
and ectopic Gfi-1 expression suppressed STAT5-in-
duced SOCS1T promoter activation. In contrast, Gfi-1
knockdown by shRNA enhanced SOCS1 expression
and inhibited STAT5 expression. Moreover, the
knockdown of G9a completely rescued the repres-
sive effect of Gfi-1 on STAT5A-induced SOCST pro-
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1% Nonidet P-40, HKMT=histone lysine methyltransferase, HSC=
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moter activation. Collectively, our study indicates that
the expression of Gfi-1 contributes to SOCS1 silencing
in AML cells through epigenetic modification, and
suppression of histone methyltransferase can provide
new insight in AML therapy. J. Leukoc. Biol. 95:
000-000; 2014.

Introduction

Epigenetic modification, including DNA methylation, his-
tone acetylation, and methylation, modulates chromosome
structures and gene transcription and plays an important
role in control of cell proliferation and differentiation. Ab-
errant epigenetic modifications are found frequently in ma-
lignant diseases [1], implying that epigenetic deregulations
are ideal targets for cancer therapies [2]. Methylations at
different lysine residues of histones render distinct effects
on gene expressions. The methylation on H3K9 is recog-
nized as an inactive gene mark, associated with transcription
repression [3]. H3K9 methylation is catalyzed primarily by
two HKMTs, including G9a, which is responsible for the
mono- and dimethylation of H3K9, and SUV39H1, which is
mainly related to trimethylation of H3K9. Chaetocin is a
HKMT inhibitor and specifically inhibits the enzymatic activ-
ities of HKMTs of the SUV39 family, including SUV39H1
and G9a [4]. Chaetocin repressed H3K9 methylation and
induced expression of tumor-suppressor genes, such as p21
and pI15, leading to cell-cycle arrest and cell death in micro-
glial and AML-193 cells, respectively [5, 6]. In addition, it
was demonstrated that H3K9 trimethylation patterns could
predict transcription factor activity and survival in AML pa-
tients [7]. These findings suggest that H3K9 methylation
might play an important role in tumorigenesis.

The SOCS protein family consists of eight members, SOCS1-7
and cytokine-inducible Src homology 2 protein. SOCSI is a
negative regulator of the JAK/STAT pathway [8]. It inhibits
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intracellular signal transduction activated by cytokines, thus
playing an important role in controlling the proliferation and
differentiation of hematopoietic precursor cells [9]. SOCSI
expression is tightly regulated at the levels of transcription,
translation, and post-translation modification [10-13]. Abnor-
mal expression of SOCSI promotes cell transformation and
plays a role in carcinogenesis [14]. Silencing of SOCSI has
been detected in various cancers, including AML [14], a he-
matological malignancy with uncontrolled proliferation and
impaired differentiation of hematopoietic progenitors. How-
ever, the detailed mechanism underlying the regulation of
SOCS1 expression in AML cells remains unclear.

Gfi-1 and Gfi-1b function as DNA-binding transcriptional
repressors. Their N-terminal Snail/Gfi-1 domain is required
for nuclear localization. In contrast, their C-terminal zinc-fin-
ger domain is required for the binding DNA element with the
consensus sequences of 5'-TAAATCAC(A/T)GCA-3" [15].
Moreover, both domains are responsible for interaction with
transcriptional corepressors, consisting of eight-twenty-one,
CoREST, histone demethylase LSD1, HDAC isoforms 1-3,
HKMT G9a, and SUV39H1 [16]. Association of multiple epige-
netic modification enzymes with Gfi-1/Gfi-1b leads to the si-
lencing of their target genes. Gfi-1 and Gfi-1b counter each
other’s expression in hematopoietic cells [17]. Gfi-1b expres-
sion is limited mainly to cells of erythroid and megakaryocytic
lineages, and it was found that Gfi-1b may repress EPO-in-
duced SOCSI expression [13]. However, most AML are non-
erythroid leukemias and are originated from HSCs or early
progenitor cells [18]. Therefore, the mechanism of SOCSI reg-
ulation in AML cells, beside erythroleukemia cells, is still not
clear. In this study, we investigated the role of histone methyl-
ation in SOCSI expression in AML cells. We demonstrated that
SOCSI transcription was controlled by Gfi-1, and the repressive
function of Gfi-1 on SOCSI transcription is dependent on his-
tone methyltransferase in AML cells.

MATERIALS AND METHODS

Cell cultures

The 293T cells were maintained in DMEM, and human AML cell lines
OCI-AMLS3 (kindly provided by Dr. Mark Minden, Princess Margaret Hospi-
tal, Toronto, Canada), HL60, and U937 were cultured in RPMI-1640 me-
dium (Gibco-BRL, Grand Island, NY, USA). The medium was supple-
mented with 10% heatinactivated FBS (Gibco-BRL) and 1% penicillin/
streptomycin solution (Gibco-BRL). The cells were grown in a humidified
incubator containing 5% CO, at 37°C.

Cellular apoptosis analysis

The percentage of apoptotic cells in chaetocin-treated HL60 and U937
cells was determined using the Annexin V-FITC apoptosis detection kit
(MBL International, Woburn, MA, USA), according to the manufacturer’s
protocol. Briefly, chaetocin-treated cells were washed by PBS buffer twice
and incubated with 10 ul Annexin V-FITC and 10 ul PI staining solutions
for 15 min at room temperature. After PBS washing, apoptotic cells were
determined by FACSCalibur flow cytometer (BD Biosciences, San Jose, CA,
USA). For apoptotic analysis of GFP-expressing U937 cells whose SOCSI is
knocked down, the Annexin V-PE apoptosis detection kit (BD Pharmingen,
San Diego, CA, USA) was used.
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Real-time qRT-PCR analysis

To quantify the endogenous mRNA expression levels, real-time qRT-PCR
was performed. Total RNAs of leukemic cells were isolated using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s
instructions. Total RNA (1 ug) was used to synthesize the cDNA using Su-
perScript III RT (Invitrogen) with Oligo-dT primers. qPCR was performed
using the SYBR Fast qPCR Master Mix (Kapa Biosystems, Woburn, MA,
USA). The primer sequences for qPCR are shown in Supplemental Table
1. The qPCR reaction was run in a final volume of 20 ul containing 1 ul
RT product, 10 ul 2X SYBR Fast qPCR Master Mix (Kapa Biosystems), and
0.6 ul each primer (10 uM). The qPCR mixtures were incubated at 95°C
for 3 min, followed by 40 cycles of 95°C for 3 s and 60°C for 30 s. All qPCR
was performed in triplicates by using an iQb real-time PCR detection sys-
tem (Bio-Rad, Hercules, CA, USA).

Gfi-1 knockdown by shRNA

To knock down the Gfi-1 in U937 cells, shRNA against human Gfi-I (clone
TRCN0000020467; Open Biosystems, Huntsville, AL, USA) [19] was used.
Lentiviral particles were produced by cotransfecting 293T cells with the
shRNA construct along with the packaging plasmids (Delta 8.9 and vesicu-
lar stomatitis virus G glycoprotein), using Arrest-In transfection reagent
(Open Biosystems). A virus-containing supernatant was harvested 24 and 48
h later. U937 cells were infected with the viral supernatant in the presence
of 8 ug/ml polybrene and selected in 1 ug/ml puromycin, 48 h after infec-
tion.

Knockdown of G9a, SUV39H1, and SOCS1 RNA

To knock down GYa or SUV39HI RNA expression, SMARTpool siRNA tar-
geting G9a or SUV39H1 (Dharmacon, Lafayette, CO, USA) was delivered
into leukemic cells using MicroPorator-100 (Digital Bio Technology, Seoul,
Korea). Forty-eight hours after incubation in cell culture, the knockdown
efficiencies were determined by mRNA and protein levels of the targeted
genes using qRT-PCR and Western blot assay. To knock down human
SOCS1, shRNA against human SOCS! (clone ID: V2LHS_23983; Open Bio-
systems) was used. The plasmid was delivered into U937 cells by MicroPora-
tor-100 and selected in 1 ug/ml puromycin, 48 h after electroporation.

Western blot analysis

To evaluate the protein expression levels of AML cells, Western blot analy-
sis was performed. The cells were dissolved in a lysis buffer containing 10
mM Tris-HCL, pH 7.5, 200 mM NaCl, 1% Triton X-100, 0.1 mM sodium
orthovanadate, 50 mM sodium fluoride, and 1 mM PMSF. Protein (50 ug)
was fractionated via 8% or 12% SDS-PAGE and transferred to Immobilon
membranes (Millipore, Billerica, MA, USA). Primary antibodies used in this
study included those against B-actin (A4416; Sigma-Aldrich, St. Louis,
MO, USA), trimethyl-H3K9 (07-442; Upstate Biotechnology, Lake Placid,
NY, USA), PARP (#9542), G9a (C6H3; Cell Signaling Technology, Bev-
erly, MA, USA), SUV39H1 (05-615; Millipore), histone 3 (FL-136),
SOCS1 (C-20), Gfi-1 (N-20), Gfi-1b (B-7; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), and STATba/b (C2C3; GeneTex, Irvine, CA,
USA). The HRP-conjugated second antibodies recognizing mouse-, rab-
bit-, or goat-IgG were purchased from Santa Cruz Biotechnology. The
chemiluminescence signal was recorded using the FluorChem Xplor
(Alpha Innotech, San Leandro, CA, USA).

Plasmid construction

For generation of a reporter plasmid carrying the full-length of the SOCS1
promoter, the —2238- to +10-bp region of the human SOCSI promoter was
amplified from U937 genomic DNA by PCR and cloned into pGL3-basic
vector (Promega, Madison, WI, USA). Other serial deletion constructs of
the SOCSI promoter were then generated from the full-length SOCS! pro-
moter reporter plasmid by subsequent PCR. In addition, the Gfi-1-binding
site of the human SOCSI promoter reporter plasmid was mutated using the
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technolo-
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gies, Santa Clara, CA, USA); the “AATC” core sequence of Gfi-1-binding
site was mutated to “GGTC”.

The CMV promoter of the pcDNA3.1/myc-His-A vector (Invitrogen)
contains two Gfi-1-binding sites. To avoid the CMV promoter activity of
the vector being repressed by Gfi-lwhen this protein was present, both
sites were mutated by site-directed mutagenesis, and the modified plas-
mid was named pmoCMV. The ¢cDNA of Gfi-1 and Myc were amplified
from U937 ¢cDNA by PCR and then cloned into the pmoCMYV vector to
generate pmoCMV-Gfi-1 and pmoCMV-Myc¢ plasmids. Another pmoCMYV-
Gfi-1 (N382S) plasmid, which contained mutant Gfi-1 (N382S) that pro-
duces protein without DNA-binding activity, was generated from the
pmoCMV-Gfi-1 plasmid using a site-directed mutagenesis kit. The consti-
tutively activated STAT5A plasmid STAT5A1%6 (carrying mutations of
H299R and S711F), kindly provided by Toshio Kitamura and coworkers
[20], was also subcloned into the pmoCMYV vector to generate the
pmoCMV-STAT5A1%6 plasmid.

Plasmid transfection by electroporation

All of the plasmids were transfected into AML cell lines by electroporation
using MicroPorator-100 (Digital Bio Technology), according to the manu-
facturer’s instructions. Plasmid (1 ug) was mixed with 1 X 10° cells in 10
ul electroporation buffer. After electroporation, cells were transferred to
culture media at 37°C immediately.

Luciferase promoter assay

U937 cells were cotransfected with the SOCSI promoter luciferase re-
porter plasmid together with the Renilla luciferase reporter control
plasmid (Promega) by using MicroPorator-100. Twenty-four hours after
incubation, cellular protein lysates were processed to measure dual lu-
ciferase activity, according to the manufacturer’s instructions. SOCS1
promoter activity was normalized by the level of Renilla luciferase
activity.

DNA pull-down assay

To investigate the association of the Gfi-1 and SOCSI promoter, the oligo-
nucleotide pull-down assay was performed, as described previously [21]
with slight modification. Biotinylated oligonucleotides containing the Gfi-1-
binding site of the SOCSI promoter were generated by PCR using the
SOCS1 reporter plasmids containing the WT or mutant Gfi-1-binding site as
the templates. Primer sequences are shown in Supplemental Table 2. PCR
products were purified by the gel extraction method and quantitated by
NanoVue spectrophotometer (GE Healthcare Life Sciences, Pittsburgh, PA,
USA). The pmoCMV-Gfi-1 and pmoCMV-Myc were electroporated into
293T cells, respectively, to generate Gfi-1 and Myc overexpression cells.
The cells were then washed by PBS buffer and lysed in HKMG buffer. The
biotinylated oligonucleotides were preincubated initially with streptavidin-
agarose beads in HKMG buffer with 10% FBS for 30 min at room tempera-
ture. The whole-cell lysates were then incubated overnight at 4°C with the
beads conjugated with biotinylated oligonucleotides in the presence of 25-
fold excess of polydeoxyinosinic:polydeoxycytidylic acid. DNA-bound pro-
teins were then washed and dissolved in a loading buffer, followed by West-
ern blot analysis.

ChIP assay

To explore the interaction of protein and DNA, ChIP was performed using
a commercially available Magna ChIP A kit (Millipore), according to the
manufacturer’s instructions. Briefly, cells were fixed in 1% formaldehyde.
The chromatin was then sonicated to smaller DNA fragments with an aver-
age length of 300-500 bp. Equal amount of soluble chromatin and protein
A-conjugated magnetic beads were then incubated with anti-G9a (07-551;
Upstate Biotechnology), anti-SUV39H1 (05-615; Millipore), anti-Gfi-1 (N-
20; Santa Cruz Biotechnology), anti-dimethyl-H3K9 (07-441; Upstate Bio-
technology), anti-trimethyl-H3K9 (07-442; Upstate Biotechnology), anti-
histone 3 (FL-136; Santa Cruz Biotechnology), or normal IgG (12-371B and
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PP64B, Millipore; and N-13, Santa Cruz Biotechnology). After overnight
antibody incubations, DNA protein cross-linking was reversed, and DNA
fragments were eluted by 50 ul distilled water. DNA fragments (3 ul), ob-
tained with each antibody, were subjected to qPCR analysis by using SYBR
Fast qPCR Master Mix (Kapa Biosystems). Primer sequences are shown in
Supplemental Table 3. DNA fragments obtained without antibody were
used as the input controls, whereas DNA fragments obtained with normal
IgG were applied as negative controls.

Statistical analysis

Two-tailed Student’s ttest was used to analyze the results, and P < 0.05 was
considered statistically significant.

RESULTS

Chaetocin treatment decreased H3K9 methylation on
the SOCSI promoter accompanied by an increase of
SOCS1 mRNA expression in AML cells

To assess whether H3K9 methylation affected the SOCSI gene
transcription, AML cell lines HL60 and U937 were first treated
with 50 and 100 nM chaetocin, a H3K9 methyltransferase in-
hibitor, for 16 and 24 h. Cell viability was analyzed by Annexin
V and PI staining, followed by flow cytometry. We found that
chaetocin induced leukemia cell apoptosis (Fig. 1A); mean-
while, SOCST mRNA expression, determined by qRT-PCR as-
say, was also enhanced in a dose- and time-dependent manner
(Fig. 1B and C). Next, the changes of global H3K9 trimethyla-
tion and H3K9 methylation on the SOCSI promoter of U937
cells were evaluated by Western blot assays and ChIP-qPCR,
respectively. As shown in Fig. 1D, the global H3K9 trimethyla-
tion was not affected after chaetocin treatment for 16 h. In
contrast, dimethylated and trimethylated H3K9, which could
be detected in the SOCSI promoter before chaetocin treat-
ment, was eliminated significantly, 16 h after the treatment
(Fig. 1E), suggesting that the SOCSI transcription was modu-
lated by the local H3K9 methylation change on the SOCSI
promoter in AML cells.

SOCSI knockdown eliminated chaetocin-induced cell
apoptosis

To explore the role of SOCSI induction in chaetocin-induced
cellular apoptosis, SOCSI knockdown U937 cells were gener-
ated, and the efficiency of SOCSI knockdown was determined
by qRT-PCR assay. As shown in Fig. 2A, there was no apparent
difference in the basal levels of SOCSI mRNA between the
knockdown and control cells. However, chaetocin-induced
SOCS1 mRNA expression in knockdown cells was inhibited sig-
nificantly relative to shRNA control cells, whereas chaetocin-
induced FasL (one of the chaetocin-activated genes) mRNA
was not altered (Fig. 2B). Subsequently, cellular viability, 16 h
after chaetocin treatment, was evaluated by Annexin V-PE and
7-AAD staining. As shown in Fig. 2C, in the SOCSI knockdown
cells, chaetocin-induced cellular apoptosis was attenuated sig-
nificantly relative to the shRNA control cells. Furthermore, the
results were confirmed by decreased caspase-dependent cleav-
age of PARP in Western blot in the SOCSI knockdown cell as-
say compared with control cells (Fig. 2D). These results indi-
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Figure 1. Chaetocin treatment decreased H3K9 methylation on the SOCSI promoter accompanied by the increase in the SOCSI mRNA expression.
(A) HL60 and U937 cells were treated with 50 or 100 nM chaetocin for 16 and 24 h. The cellular apoptosis was analyzed by Annexin V-FITC and
PI staining. (B) U937 cells were treated with 100 nM chaetocin or DMSO as a vehicle control for 8 and 16 h, and (C) U937 and HL60 cells were
treated with chaetocin (50 and 100 nM) or DMSO for 16 h. The SOCSI mRNA expression was determined by qRT-PCR assays, and data were nor-
malized by GAPDH mRNA expression. (D) Western blot analysis of H3 histone modifications in cell protein lysates of U937 cells treated with
chaetocin (100 nM) or DMSO for 8 or 16 h. One of three representative experiments is shown. (E) U937 cells were treated with 100 nM chaeto-
cin or DMSO for 16 h and then harvested for ChIP assay using the specific antibodies recognizing histone 3 and di- and trimethylated H3K9
(H3K9me2 and H3K9me3, respectively). The methylation levels of H3K9 were determined by the qPCR assay of the SOCSI promoter using the
specific primers for amplification of the —485- to —331-bp region. (A-C, and E) Data were presented as mean * sEm of three independent mea-

surements.

cated that SOCSI induction might mediate chaetocin-induced
cell apoptosis.

Knockdown of G9a and SUV39H1 elevated SOCSI
mRNA expression in AML cell lines

To assess whether G9a and SUV39H1, two primary H3K9
methyltransferases, are involved in the regulation of SOCSI
expression in AML cells, the SOCST mRNA level was mea-
sured after G9a or SUV39HI was suppressed by siRNA in
OCI-AMLS3, HL60, and U937 leukemic cells, respectively. As
shown in Fig. 3A-C, the knockdown efficiencies of G9a and
SUV39H1, determined by qRT-PCR and Western blot assay,
were 70-80%, 48 h after the siRNA transfection. Mean-
while, the SOCSI mRNA expressions were augmented 1.7- to
3.2-fold in the knockdown cells (Fig. 3D-F), suggesting that
SOCS] transcription was regulated by G9a and SUV39H1 in
AML cells.

Gfi-1 bound the SOCSI promoter and modulated its
activity in AML cells

Alternation of H3K9 methylation levels may result from de-
regulated expression of transcriptional factors. Moreover,
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the function of G9a and SUV39HI1 in the regulation of tar-
get genes is dependent on their interaction with other spe-
cific DNA-binding transcription factors. To identify the criti-
cal regions responsible for the repression of the SOCSI pro-
moter, the luciferase reporter plasmids with serial deletions
of the SOCSI promoter were constructed, followed by mea-
surement of the luciferase reporter activities. As shown in
Fig. 4A, deletion of the promoter from —2238 to —1493 bp
obviously did not alter SOCSI promoter activity. In contrast,
deletion from —1493 to —979 bp apparently elevated SOCSI
promoter activity. The highest promoter activity was de-
tected in the construct containing the SOCSI promoter se-
quence from —491 to + 10 bp (P<0.01). Taken together,
—1493 to —491 bp at the SOCSI promoter in AML cells
might contain the binding sites for unidentified, repressive
transcription factors.

By the Matinspector software tool, we found two potential
binding sites of the Gfi-1 protein family at —1109 bp and
—796 bp of the human SOCSI promoter, respectively. We
next investigated whether Gfi-1 family proteins could modu-
late SOCSI gene transcription in AML cells. As the expres-
sion levels of mRNA and protein of Gfi-1 were more abun-
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dant than Gfi-1b in AML cell lines OCI-AML3, HL60, and
U937 (Fig. 4B-D), and G9a was shown to interact with Gfi-1
in a previous study [16], we therefore focused on studying
the Gfi-1 effect on SOCSI promoter activation in AML cells.

First, we mutated one or both of the potential Gfi-1-bind-
ing sites in the SOCSI reporter plasmid. We found that mu-
tation of either one of Gfi-1-binding sites enhanced SOCSI
promoter activity (P<0.003, and P<0.05), and the activity
was augmented further when both sites were mutated
(P<0.001; Fig. 4E). Moreover, chaetocin treatment de-
creased Gfi-1 expression, whereas it increased SOCSI ex-
pression (Fig. 4F). The suppressor effect of Gfi-1 on SOCSI
expression was confirmed further by shRNA knockdown of
Gfi-1 in U937 cells, in which mRNA and protein of SOCS1
were increased compared with those in wild U937 cells (Fig.
4G). Taken together, these results indicated that Gfi-1 plays
a suppressor role in SOCS1 expression in U937 cells.

To assess whether Gfi-1 directly bound the two binding
sites at —1109 bp and —796 bp, respectively, we performed
DNApull-down assays on the cell lysates from Gfi-1-overex-
pressed 293T cells using the biotinylated oligonucleotides
G1 and G2, corresponding to the two potential Gfi-1-bind-
ing sites (Fig. 5A). The oligonucleotides, containing the
mutant sequence of the Gfi-1-binding site, were used as con-
trols. The locations and part of the sequences of wild and
mutated oligonucleotides for Gfi-1-binding assays were
shown in Fig. 5A. In vitro DNA pull-down assays demon-
strated that the oligonucleotides G1 and G2 exhibited bind-
ing affinity for Gfi-1-binding sites, although oligonucleotide
G1 had higher affinity than oligonucleotide G2 (Fig. 5B).
On the contrary, the oligonucleotides containing mutant
sequences (Gl and G2 mutants) showed significantly re-
duced binding capacity to Gfi-1-binding sites (Fig. 5B). The
similar finding could be seen in HL60 cells with ectopic Gfi-
1 overexpression (data not shown). As the G1 probe con-
tains the Myc-binding site (CACGTG), DNA pull-down assay
for Myc was used as a positive control (Fig. 5B). These find-
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cells treated with chaetocin (100 nM) or DMSO for 16 h.

ings indicated an association between Gfi-1 and the human
SOCS1 promoter in vitro. We next used ChIP-qPCR assays
using the anti-Gfi-1 antibody to test whether Gfi-1 directly
bound on these sites in vivo. The Gfi-1-binding capacity to
the human SOCSI promoter was determined by qPCR of the
SOCSI promoter in the precipitate. As shown in Fig. 5C and
D, the PCR product of —1167 to —1015 bp of the SOCSI
promoter, amplified from the precipitate using the Gfi-1
antibody, was more abundant than that using the control
antibody (P<0.002). On the other hand, there was no statis-
tical difference in the quantity of the PCR product of +926
to +1064 bp of the SOCSI gene exon between the two pre-
cipitates using the Gfi-1 or control antibody. Taken to-
gether, these findings implicated that Gfi-1 indeed directly
bound the human SOCSI promoter and modulated its activ-
ity in AML cell lines.

Gfi-1 repressed STAT5-activated SOCSI promoter
activity

SOCS1 is a negative-feedback controller in the JAK/STAT
signaling pathway. To examine whether Gfi-1 exhibited the
ability to repress basal or STATHA- activated SOCSI pro-
moter activity in human AML cells, U937 cells were trans-
fected with the SOCSI promoter luciferase reporter plasmid
along with the expression plasmid of Gfi-1, STAT5A1%6, or
both by electroporation. As shown in Fig. 6A, Gfi-1 expres-
sion decreased the basal level of SOCSI promoter activity
(P<0.02), whereas STAT5A1%6 apparently enhanced SOCSI
promoter activity (P<0.0001). Notably, Gfi-1 repressed
STAT5A1*6-mediated SOCSI promoter activation in a dose-
dependent manner (P<0.001). Furthermore, the expression
of the Gfi-1 N382S mutant, which lost DNA-binding activity
[22], was not able to repress STAT5AT*6-mediated SOCS1
promoter activation (P<0.03; Fig. 6B). To explore further
the effect of Gfi-1 on JAK/STAT signaling, STATba/b pro-
tein levels of Gfi-1 knockdown U937 cells were examined,
and the results indicated that there was less of an amount
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of STATba/b proteins in the Gfi-1 knockdown cells com-
pared with the shRNA control cells (Fig. 6C).

G9a and SUV39H1 were required for Gfi-1-mediated
transcriptional repression of SOCSI

To examine whether G9a and SUV39HI1 regulate SOCSI tran-
scription directly or indirectly, the interaction of G9a and
SUV39H1 with the SOCSI promoter in U937 cells was exam-
ined by ChIP-qPCR assays using the specific antibodies against
GYa and SUV39H]1, respectively. We found that the PCR prod-
ucts of —1167 to —1015 bp, upstream of the transcription start
site of SOCSI, were more abundant in the precipitate obtained
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using antibody to G9a or SUV39H1 than that using IgG con-
trol antibody (Fig. 6D and E). To assess further whether Gfi-1
modulates the association of G9a and SUV39H1 with the
SOCS1 promoter, Gfi-1 knockdown U937 cells were subjected
for ChIP assay. As shown in Fig. 6F, there was less of an
amount of Gfi-1 associated with the SOCSI promoter in the
Gfi-1 knockdown cells; meanwhile, the association of G9a and
SUV39HI1 at the SOCSI promoter was also decreased (Fig. 6D
and E). These findings indicated that the binding of G9a and
SUV39H1 on the SOCSI promoter was modulated, at least par-
tially, by Gfi-1 in U937 cells.
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To assess whether G9a and SUV39H1 were required for the
Gfi-1-mediated suppression of SOCSI promoter activity, the
effect of Gfi-1 on SOCSI promoter activity was analyzed in
U937 cells with knockdown of G9a or SUV39HI expression.
We noted that in U937 cells with G9a and SUV39H1 knock-
down by siRNA for 48 h exhibited more apoptotic cells from
13.8% to 31% and 28%, respectively (Supplemental Fig. 1).
These knockdown cells were used subsequently to perform the
promoter assay, 24 h after electroporation. As shown in Fig.
6G, in the GY9a-depleted U937 cells, Gfi-1 abrogated almost
completely the ability to repress the STAT5A1*6-activated
SOCS1 promoter and did so partially in SUV39HI-depleted
U937 cells. These data indicate that G9a and SUV39H1 were
involved in the regulatory mechanism of Gfi-1-mediated re-
pression of SOCSI promoter activity in AML cells.
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DISCUSSION

Transcriptional silencing of TSGs through DNA methylation is
a common epigenetic event in hematologic malignancies [23],
but the role of histone methylation in the TSG expression re-
mains to be explored. H3K9 methylation is a hallmark of re-
pressive chromatin structure. Recently, it was reported that the
profile of H3K9 trimethylation levels could distinguish AML
cells from normal CD34™" cells and predict the eventfree sur-
vival in AML patients [7], suggesting that abnormal H3K9
methylation might play a role in leukemogenesis. H3K9 meth-
ylation may alter chromatin structure around the promoter of
TSG, thus leading to gene silencing. For instance, in solid can-
cer cells, H3K9 methylation can be detected in promoter re-
gions of some TSGs, such as p21, p16, human Mutl. homolog 1,
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and O-6-methylguanine-DNA methyltransferase [5, 24, 25], and is
associated with the transcriptional silencing. Moreover, TSG
p16 could be silenced by H3K9 hypermethylation, indepen-
dent of DNA methylation [25]. In AML cells, treatment with
chaetocin, a H3K9 methyltransferase inhibitor of the SUV39
family, caused H3K9 demethylation on the promoters of pI15
and E-cadherin and reactivated their gene transcriptions with-
out altering their DNA methylation [6], implying that H3K9
methylation alone contributed to pI15 and E-cadherin silencing.

To the best of our knowledge, this is the first report to dem-
onstrate that SOCSI expression can be modulated by H3K9
methylation levels in AML cells. Decreased H3K9 methylation
of the SOCSI promoter by chaetocin treatment enhanced
SOCSI transcription. Moreover, the ChIP-qPCR assay demon-
strated the presence of abundant H3K9 methylation on the
SOCS1 promoter, compatible with the results of ChIP-on-ChIP
assay reported by Carsten Muller-Tidow et al. [7]. According
to their microarray data, the level of H3K9 trimethylation at
the SOCSI core promoter region is more abundant (3.8X) in
AML than that in CD34™ cells (P<0.0019) [7]. These findings
further demonstrate the association of H3K9 methylation and
silencing of TSG and provide new insight into developing his-
tone methyltransferase inhibitors as anti-cancer drugs.

The sequential H3K9 methylation, from mono- and di- to
trimethylation, is chiefly catalyzed by G9a and SUV39HI. It
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has been shown that a subset of the H3K9 methyltransferases
SUV39H1, G9a, glucagon-like peptide, and set domain, bifur-
cated 1, participates in a multimeric complex to regulate ex-
pressions of their target genes located at euchromatin and het-
erochromatin [26]. We, for the first time, found that G9a and
SUV39H1 were associated with the SOCSI promoter in AML
cells, and depletion of GY9%a or SUV39H1 by siRNA elevated
SOCSI transcription, further indicating that SOCSI is one of
the target genes affected by the deregulated H3K9 methylation
in AML cells.

Gfi-1 and Gfi-1b counter each other’s expression in hemato-
poietic cells [17]. Gfi-1 is detectable in HSCs, common lym-
phoid progenitors, and granulo/monocytic progenitors but is
absent in common myeloid progenitors and megakaryocyte/
erythroid progenitors [27]. In contrast, Gfi-1b expression is
mainly limited to cells of erythroid and megakaryocytic lin-
eages [28]. Gfi-1 knockout mouse studies indicate that loss of
Gfi-1 results in defects in the myeloid B and T cell lineages
and HSCs [29], implying that Gfi-1 plays a pivotal role in dif-
ferent cell lineages. The first report about SOCSI regulation by
the Gfi-1 protein family indicated that EPO-induced Gfi-1b
bound to the SOCSI promoter and repressed SOCSI expres-
sion in erythropoiesis [13]. In addition, another report showed
that the SOCS1 expression was decreased in Gfi-l-infected Th2
cells [30]; however, the detail mechanism is still unclear. Fur-

www jleukbio.org



Lee et al. Gfi-1 inactivates SOCS17 expression in AML cells
A ___ p<0.001 B C
> 12 . p<0.0001 [ p<0.005 s 6- p<0.001 Ip<o.o:; p<0.03I .
s I ! £ | shControl shGfi1
g 101 £ 51
< 8 N
3 8- g 4] STAT5 alb
— . |
2 ¢. S 3
s, 3, Gfit -
2 T  ee002 2 .
s 24 T 1 5 14
® &
0 - 04 B-Actin - S
Gfi-1  — - + -
Gfi-1 — + — 1pg 2pg
Gfi-1 (N382S) — - - +
B o shControl E a shControl F o shControl
m shGfi1 m shGfi1 m shGfi1
06+  P<0.001  P<0.005 04 PO.001 P=0:008 0.4 p<0.001 p<0.001
| | | 1] I
0.5 - +— ‘-
5 S 03 S 03
2 044 3 3
c — -—
% 03 S o2 S 02;
R 2] X R
' 0.1 0.1
.
0 ' 0 : o -
IgG G9a IgG SUV39H1 IgG Gfi1
G Figure 6. G9a and SUV39HI1 are required for suppressive ef-

5 1 p<0.003 p<0.004 o Vector fect of Gfi-1 on STAT5A1*6-induced SOCSI promoter activation. (A)
> STAT5A1*6 U937 cells were transfected with the SOCSI luciferase reporter
S m STAT5A1*6 + Gfi-1 plasmid along with the plasmid of STAT5A1%6, Gfi-1, or both
'ﬁ 4 I by electroporation. After 24 h, luciferase reporter assay was per-
©
& p<0.001 p<0.001  p<0.001 fqrmed 0{1 t(?Eal cel.lvlysates. (B) U937 cel.ls were tra'nsfected
@ 3 with the SOCSI luciferase reporter plasmid along with the plas-
S mid of STATHA1%#6, in combination with or without wild or mu-
:'5 = - tant Gfi-1 (N382S). After 24 h, total cell lysates were harvested
= 24 for luciferase reporter assay. (C) The STAT5a/b and Gfi-lex-

2 pressions of Gfi-I knockdown U937 cells were analyzed by West-
'*3 1 ern blot assay. One of three representative experiments is
@ shown. (D-F) ChIP assays were performed on formaldehyde-
o fixed Gfi-1 knockdown U937 cells using the specific anti-G9a
0 T T (D), anti-SUV39H1 (E), and anti-Gfi-1 (F) antibodies. Normal
Control G9a _SUV IgG antibody was used as negative control. Binding efficiency of
ontro SiRNA SiRNA

GYa, SUV39H1, and Gfi-lon the SOCSI promoter was deter-
mined by the qPCR assay. Data were presented as mean *= SEM

of three independent measurements. (G) G9a or SUV39HI mRNA of U937 cells was knocked down by siRNA for 48 h, followed
by electroporation again with the SOCSI promoter reporter plasmid, along with the plasmid of STAT5A1%6 or both STAT5A1%6
and Gfi-1. After 24 h, SOCSI promoter activities were analyzed. (A, B, and G) Data were normalized by renilla activity and pre-

sented as mean * sEM of three independent measurements.

thermore, the SOCSI regulation in myeloid cells has not been
explored.

Different HSCs/progenitor populations are characterized by
distinctive transcription factor expression states [17]. In this
study, we found that Gfi-1 expression is more abundant than
Gfi-1b in nonerythroleukemia cells, such as OCI-AML3, HL60,
and U937. Therefore, we focused our studies on the investiga-
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tion of the Gfi-1 effect on SOCSI transcription in AML cells.

The oncogenic potential of Gfi-1 is low, but it may cooperate
with Myc and Pim-1 to induce T cell lymphoma [31]. In Gfi-1
knockdown mice, T and B cell development and granulocyte
maturation are defective. These findings indicate that appro-
priate expression of Gfi-1 is essential for normal hematopoie-
sis. In this study, we demonstrated that the mutation of Gfi-1-
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binding sites of the SOCSI promoter increased basal SOCSI
promoter activity, whereas Gfi-1 overexpression repressed it.
We also showed that Gfi-1 directly bound the SOCSI promoter
in AML cells, and Gfi-1 knockdown enhanced SOCSI expres-
sion, implying that Gfi-1 acts as a repressive transcription fac-
tor for SOCST promoter activation. Based on the fact that Gfi-1
may interact with many corepressors, including G9a, CoREST,
HDAC, and LSDI, to regulate target gene expression [16, 21,
32], and the findings from this study that Gfi-I knockdown
decreased the association of G9a and SUV39H1 on the SOCSI
promoter, we suggest that Gfi-1 recruits G9a and SUV39HI1 to
form a repressive complex on the SOCSI promoter and subse-
quently, leads to SOCSI silencing in AML cells.

The constitutive activation of STAT3 and STATS5 is detected
frequently in hematopoietic tumors [20, 33]. In addition, the
sustained STAT) activation in HSCs promoted self-renewal of
HSCs—a process crucial to the pathogenesis of myeloprolifera-
tive diseases [20]. SOCSI expression is induced by STAT pro-
teins to negatively control the JAK-STAT signal pathway.
Therefore, SOCSI silencing may contribute to aberrant JAK-
STAT pathway signaling [20]. In this study, we found that ec-
topic Gfi-1 overexpression inhibited STAT5A1*6-activated
SOCSI promoter activation in U937 cells but not in those cells
with depletion of GY%a or SUV39H1. These findings suggest that
Gfi-1, through its interaction with G9a and SUV39H1, may
keep the SOCSI promoter in a close chromatin structure and
block the effect of STAT5A. The cause that SOCSI promoter
induction by STAT5A1%6 was lower in G9a- or SUV39H1-de-
pleted cells compared with control cells was possibly a result of
cell apoptosis related to G9a or SUV39HI suppression, which
was demonstrated by previous reports [6, 34] and our study
(Supplemental Fig. 1).

In summary, our study indicates that Gfi-1 is a repressor of
SOCSI gene transcription in AML cells, and G9a and
SUV39H1 are involved in the mechanism of Gfi-1-mediated
suppression of SOCSI promoter activity. In addition, the his-
tone methyltransferase inhibitor may be of value to use as a
potential targeted therapy for AML, as it can activate TSGs,
such as p21 and p15, as shown in previous reports, and SOCSI,
as shown in this study.

AUTHORSHIP

M.C.L. designed the research, performed experiments, ana-

lyzed results, and prepared the manuscript. Y-Y.K., W-C.C., and
M.H. helped with the material preparation and performed
part of the experiments, experiment design, and manuscript
preparation. H-A.H. helped with the manuscript preparation.
H-F.T. designed and oversaw the research and helped prepare
the manuscript.

ACKNOWLEDGMENTS

This work was sponsored partially by grants from the National
Science Council (NSC 97-2314-B002-015-MY3, NSC100-2314-B-
002-057-MY3, and 100-2325-B-002 -032) and Department of

Health (DOH100-TD-C-111-001), Taiwan, and the Department

10 Journal of Leukocyte Biology Volume 95, January 2014

of Medical Research (NTUH.99-S1369; National Taiwan Uni-
versity Hospital, Taipei, Taiwan). The authors thank Drs. Atsu-
shi Iwama and Toshio Kitamura for the constitutively active
STATHA plasmid.

DISCLOSURES

The authors declare no conflict of interest.

REFERENCES
1. Jones, P. A., Baylin, S. B. (2007) The epigenomics of cancer. Cell 128,
683-692.

2. Copeland, R. A, Solomon, M. E., Richon, V. M. (2009) Protein methyl-
transferases as a target class for drug discovery. Nat. Rev. Drug Discov. 8,
724-732.

3. Rius, M., Lyko, F. (2012) Epigenetic cancer therapy: rationales, targets
and drugs. Oncogene 31, 4257-4265.

4. Greiner, D., Bonaldi, T., Eskeland, R., Roemer, E., Imhof, A. (2005)
Identification of a specific inhibitor of the histone methyltransferase
SU(VAR)3-9. Nat. Chem. Biol. 1, 143-145.

5. Cherrier, T., Suzanne, S., Redel, L., Calao, M., Marban, C., Samah, B.,
Mukerjee, R., Schwartz, C., Gras, G., Sawaya, B. E., Zeichner, S. L., Au-
nis, D., Van Lint, C., Rohr, O. (2009) p21 (WAF1) gene promoter is epi-
genetically silenced by CTIP2 and SUV39HI. Oncogene 28, 3380-3389.

6. Lakshmikuttyamma, A., Scott, S. A., DeCoteau, J. F., Geyer, C. R. (2010)
Reexpression of epigenetically silenced AML tumor suppressor genes by
SUV39H1 inhibition. Oncogene 29, 576-588.

7. Muller-Tidow, C., Klein, H. U., Hascher, A., Isken, F., Tickenbrock, L.,
Thoennissen, N., Agrawal-Singh, S., Tschanter, P., Disselhoff, C., Wang,
Y., Becker, A., Thiede, C., Ehninger, G., zur Stadt, U., Koschmieder, S.,
Seidl, M., Muller, F. U., Schmitz, W., Schlenke, P., McClelland, M.,
Berdel, W. E., Dugas, M., Serve, H., Study Alliance Leukemia (2010)
Profiling of histone H3 lysine 9 trimethylation levels predicts transcrip-
tion factor activity and survival in acute myeloid leukemia. Blood 116,
3564-3571.

8. Yoshikawa, H., Matsubara, K., Qian, G. S., Jackson, P., Groopman, J. D.,
Manning, J. E., Harris, C. C., Herman, J. G. (2001) SOCS-1, a negative
regulator of the JAK/STAT pathway, is silenced by methylation in hu-
man hepatocellular carcinoma and shows growth-suppression activity.
Nat. Genet. 28, 29-35.

9. Cooney, R. N. (2002) Suppressors of cytokine signaling (SOCS): inhibi-
tors of the JAK/STAT pathway. Shock 17, 83-90.

10.  Gregorieff, A., Pyronnet, S., Sonenberg, N., Veillette, A. (2000) Regula-
tion of SOCS-1 expression by translational repression. J. Biol. Chem. 275,
21596-21604.

11.  Chen, X. P,, Losman, J. A., Cowan, S., Donahue, E., Fay, S., Vuong,

B. Q., Nawijn, M. C., Capece, D., Cohan, V. L., Rothman, P. (2002) Pim
serine/threonine kinases regulate the stability of Socs-1 protein. Proc.
Natl. Acad. Sci. USA 99, 2175-2180.

12, Travagli, J., Letourneur, M., Bertoglio, J., Pierre, J. (2004) STAT6 and
Ets-1 form a stable complex that modulates Socs-1 expression by inter-
leukin-4 in keratinocytes. J. Biol. Chem. 279, 35183-35192.

13.  Jegalian, A. G., Wu, H. (2002) Regulation of Socs gene expression by
the proto-oncoprotein GFI-1B: two routes for STAT) target gene induc-
tion by erythropoietin. J. Biol. Chem. 277, 2345-2352.

14. Zhang, J., Li, H., Yu, J. P., Wang, S. E., Ren, X. B. (2012) Role of
SOCSI in tumor progression and therapeutic application. Int. J. Cancer
130, 1971-1980.

15.  Zweidler-Mckay, P. A., Grimes, H. L., Flubacher, M. M., Tsichlis, P. N.
(1996) Gfi-1 encodes a nuclear zinc finger protein that binds DNA and
functions as a transcriptional repressor. Mol. Cell. Biol. 16, 4024-4034.

16. Van der Meer, L. T., Jansen, J. H., van der Reijden, B. A. (2010) Gfil
and Gfilb: key regulators of hematopoiesis. Leukemia 24, 1834-1843.

17.  Moignard, V., Macaulay, I. C., Swiers, G., Buettner, F., Schutte, J.,
Calero-Nieto, F. J., Kinston, S., Joshi, A., Hannah, R., Theis, F. J., Jacob-
sen, S. E., de Bruijn, M. F., Géttgens, B. (2013) Characterization of tran-
scriptional networks in blood stem and progenitor cells using high-
throughput single-cell gene expression analysis. Nat. Cell Biol. 15, 363—
372.

18.  Keinanen, M., Griffin, J. D., Bloomfield, C. D., Machnicki, J., de la
Chapelle, A. (1988) Clonal chromosomal abnormalities showing multi-
ple-cell-lineage involvement in acute myeloid leukemia. N. Engl. J. Med.
318, 1153-1158.

19. Liu, Q., Dong, F. (2012) Gfi-1 inhibits the expression of eosinophil ma-
jor basic protein (MBP) during G-CSF-induced neutrophilic differentia-
tion. Int. J. Hematol. 95, 640-647.

20. Kato, Y., Iwama, A., Tadokoro, Y., Shimoda, K., Minoguchi, M., Akira,
S., Tanaka, M., Miyajima, A., Kitamura, T., Nakauchi, H. (2005) Selec-
tive activation of STATH unveils its role in stem cell self-renewal in nor-
mal and leukemic hematopoiesis. J. Exp. Med. 202, 169-179.

www jleukbio.org



21.

22.

23.
24.

25.

26.

27.

28.

Basu, S., Liu, Q., Qiu, Y., Dong, F. (2009) Gfi-1 represses CDKN2B en-
coding p15INK4B through interaction with Miz-1. Proc. Natl. Acad. Sci.
USA 106, 1433-1438.

Person, R. E., Li, F. Q,, Duan, Z., Benson, K. F., Wechsler, ]., Papadaki,
H. A., Eliopoulos, G., Kaufman, C., Bertolone, S. J., Nakamoto, B., Pa-
payannopoulou, T., Grimes, H. L., Horwitz, M. (2003) Mutations in
proto-oncogene GFI1 cause human neutropenia and target ELA2. Nat.
Genel. 34, 308-312.

Hayslip, J., Montero, A. (2006) Tumor suppressor gene methylation in
follicular lymphoma: a comprehensive review. Mol. Cancer 5, 44.

Kondo, Y., Shen, L., Issa, J. P. (2003) Critical role of histone methyl-
ation in tumor suppressor gene silencing in colorectal cancer. Mol. Cell.
Biol. 23, 206-215.

Bachman, K. E., Park, B. H., Rhee, I., Rajagopalan, H., Herman, J. G.,
Baylin, S. B., Kinzler, K. W., Vogelstein, B. (2003) Histone modifications
and silencing prior to DNA methylation of a tumor suppressor gene.
Cancer Cell 3, 89-95.

Fritsch, L., Robin, P., Mathieu, J. R., Souidi, M., Hinaux, H., Rougeulle,
C., Harel-Bellan, A., Ameyar-Zazoua, M., Ait-Si-Ali, S. (2010) A subset of
the histone H3 lysine 9 methyltransferases Suv39hl1, G9a, GLP, and
SETDBI participate in a multimeric complex. Mol. Cell. 37, 46-56.
Zeng, H., Yucel, R., Kosan, C., Klein-Hitpass, L., Moroy, T. (2004) Tran-
scription factor Gfil regulates self-renewal and engraftment of hemato-
poietic stem cells. EMBO J. 23, 4116-4125.

Garcon, L., Lacout, C., Svinartchouk, F., Le Couedic, J. P., Villeval, J. L.,
Vainchenker, W., Dumenil, D. (2005) Gfi-1B plays a critical role in ter-
minal differentiation of normal and transformed erythroid progenitor
cells. Blood 105, 1448-1455.

www jleukbio.org

Lee el al.

29.

30.

31.

32.

33.

34.

Gfi-1 inactivates SOCS1 expression in AML cells

Moroy, T., Khandanpour, C. (2011) Growth factor independence 1
(Gfil) as a regulator of lymphocyte development and activation. Semin.
Immunol. 23, 368-378.

Zhu, J., Jankovic, D., Grinberg, A., Guo, L., Paul, W. E. (2006) Gfi-1
plays an important role in IL-2-mediated Th2 cell expansion. Proc. Natl.
Acad. Sci. USA 103, 18214-18219.

Schmidt, T., Karsunky, H., Gau, E., Zevnik, B., Elsasser, H. P., Moroy, T.
(1998) Zinc finger protein GFI-1 has low oncogenic potential but coop-
erates strongly with pim and myc genes in T-cell lymphomagenesis. On-
cogene 17, 2661-2667.

Duan, Z., Zarebski, A., Montoya-Durango, D., Grimes, H. L., Horwitz, M.
(2005) Gfil coordinates epigenetic repression of p21Cip/WAF1 by re-
cruitment of histone lysine methyltransferase G9a and histone deacety-
lase 1. Mol. Cell. Biol. 25, 10338-10351.

Steensma, D. P., McClure, R. F.,, Karp, ]J. E., Tefferi, A., Lasho, T. L.,
Powell, H. L., DeWald, G. W., Kaufmann, S. H. (2006) JAK2 V617F is a
rare finding in de novo acute myeloid leukemia, but STAT3 activation is
common and remains unexplained. Leukemia 20, 971-978.

Kondo, Y., Shen, L., Ahmed, S., Boumber, Y., Sekido, Y., Haddad, B. R.,
Issa, J. P. (2008) Downregulation of histone H3 lysine 9 methyltrans-
ferase G9a induces centrosome disruption and chromosome instability
in cancer cells. PLoS One 3, ¢2037.

KEY WORDS:
G9a - SUV39H1 - H3K9 methylation

Volume 95, January 2014 Journal of Leukocyte Biology 11



