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PU.1 is a key transcription factor for hematopoiesis and plays
important roles in various hematological malignancies. To clar-
ify the molecular function of PU.1, we initially tried to identify
bona fide target genes regulated by PU.1. Dual microarrays were
employed for this study to compare PU.1-knockdown K562 cells
(K562PU.1KD) stably expressing PU.1 short inhibitory RNAs
versus control cells and PU.l-overexpressing K562 cells
(K562PU.10E) versus control cells. In these analyses, we found
that several genes, including metallothionein (MT)-1 isoforms
(MT-1G and MT-1A) and vimentin (VIM), were markedly
induced while Jun dimerization protein (JDP) 2 was suppressed
in K562PU.1KD cells. Furthermore, the mRNA expressions of
the MT-1 and VIM genes were inversely correlated and the
mRNA expression of JDP2 was positively correlated with PU.1
mRNA expression in 43 primary acute myeloid leukemia speci-
mens (MT-1G: R = —0.50, p < 0.001; MT-1A: R = —0.58, p <
0.0005; VIM: R = —0.39, p < 0.01; and JDP2: R = 0.30, p < 0.05).
Next, we analyzed the regulation of the MT-1 and VIM genes.
We observed increased associations of acetylated histones H3
and H4 with the promoters of these genes in K562PU.1KD cells.
Sequence analyses of the regions ~1 kb upstream from the tran-
scription start sites of these genes revealed numerous CpG sites,
which are potential targets for DNA methylation. Chromatin
immunoprecipitation assays revealed that methyl CpG-binding
protein 2 (MeCP2) and PU.1 bound to the CpG-rich regions in
the MT-1 and VIM promoters. Bisulfite sequencing analyses of
the PU.1-bound regions of these promoters revealed that the
proportions of methylated CpG sites were tightly related to the
PU.1 expression levels.

PU.1 is a member of the Ezb transformation-specific
sequence family of transcription factors and is expressed in
granulocytic, monocytic, and B-lymphoid cells (1). PU.1
expression levels increase during the differentiation of granu-
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locytes (1). PU.1-deficient mice exhibit defects in the develop-
ment of neutrophils, macrophages, and B cells (2). Therefore,
PU.1 is indispensable for myelomonocytic differentiation dur-
ing normal hematopoiesis. Mice carrying hypomorphic PU.1
alleles that reduce PU.1 expression to 20% of its normal levels
were reported to develop acute myeloid leukemia (AML)? (3).
Moreover, down-regulation of PU.1 was reported to play a role
in the pathogenesis of multiple myeloma (4) and is related to a
poor prognosis in myelodysplastic syndrome (5). Therefore,
characterizing the function and identifying the target genes of
PU.1 are important for understanding the molecular biology of
hematopoiesis and oncogenesis.

Recently, we cloned cell lines expressing reduced levels of
PU.1 by stable transfection of PU.1 short inhibitory RNAs into
human myeloid leukemia K562 cells (K562PU.1KD cells). By
comparing the gene expressions between control short inhibi-
tory RNA-transfected cells and K562PU.1KD cells, we found
that annexin 1 (ANXA1) is a target gene of PU.1 in leukemia
cells (6). To gain more knowledge about the downstream path-
way of PU.1, we initially performed microarray analyses to
compare PU.1-overexpressing K562 cells (K562PU.10E cells)
(6) versus control cells in the present study. From the combined
analysis of these microarrays, we found that metallothionein
(MT)-1 isoforms (MT-1G and MT-1A) and vimentin (VIM)
were markedly induced while Jun dimerization protein (JDP) 2
was significantly suppressed, in K562PU.1KD cells.

MT proteins comprise a group of low molecular weight cys-
teine-rich intracellular proteins encoded by a family of genes
containing several isoforms in humans (7). In humans, the MT
genes are located on chromosome 16 in a cluster and can be
activated by a variety of stimuli, including metal ions, oxidative
stress, cytokines, glucocorticoids, and growth factors (7). The
expression and induction of these proteins have been associ-
ated with protection against DNA damage, oxidative stress, and
apoptosis (7). A number of studies have shown that increased
MT expression is closely associated with tumor grade and pro-
liferative activity in solid tumors (7). In addition, the MT-1
promoter was reported to be epigenetically regulated by his-

2 The abbreviations used are: AML, acute myeloid leukemia; MT, metallothio-
nein; VIM, vimentin; ANXAT, annexin 1; JDP2, Jun dimerization protein 2;
5-azadC, 5-aza-2’-deoxycytidine; SB, sodium butyrate; TSA, trichostatin A;
ChlIP, chromatin immunoprecipitation; MeCP2, methyl-CpG-binding pro-
tein 2; HDAC, histone deacetylase; Dnmt, DNA methyltransferase; ANLL,
acute non-lymphoblastic leukemia; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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FIGURE 1. MT-1s, VIM and JDP2 are targets of PU.1. A and B, results of the
microarray analyses. C, expression levels of MT-1G, MT-1A, VIM, and JDP2 in
K562PU.1KD cells evaluated by quantitative real-time PCR. Each gene tran-
script level was adjusted by the expression of GAPDH, and the relative levels
are shown. D, mRNA expression levels of MT-1G, MT-1A, VIM, and JDP2 in
K562PU.10E cells evaluated by quantitative real-time PCR.

tone deacetylase (HDAC) and DNA methyltransferase (Dnmt)
in a synergistic manner (8). It has also been reported that PU.1
binds to methyl CpG-binding protein 2 (MeCP2), which
recruits the corepressor mSin3A and forms a complex with
HDACI (9, 10). The same research group recently reported that
PU.1 forms a complex with Dnmt 3a and Dnmt 3b, and clearly
demonstrated that CpG sites in the p16INK4A promoter are
methylated by overexpression of PU.1 (11).

VIM is a cytoskeletal protein that belongs to the family of
intermediate filaments (12). The steady-state levels of VIM
mRNA are growth-regulated in many cells (13, 14). The mRNA
levels are generally low in G, cells, increase to a peak in the
mid-G, phase, and decrease to the prestimulation levels by the
time the cells reach S phase (15). VIM mRNA levels are induc-
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TABLE 1

Commonly affected genes, induced by PU.1 down-regulation and
suppressed by PU.1 up-regulation

PU.1KD/control PU.10E/control

Gene

Fold intensity Fold intensity

8.866838 0.324332 Vimentin (VIM)

5.078186 0.477423 Metallothionein-1G (MT-1G)

8.118739 0.191333 Annexin Al (Annexinl) (ANXA1)
TABLE 2

Commonly affected genes, suppressed by PU.1 down-regulation and
induced by PU.1 up-regulation

PU.1KD/ PU.10E/
control control

Gene

Fold intensity Fold intensity

0.461413 2.967024  Jun dimerization protein (Homo sapiens). JDP2
0.191166 2.624883  Ectoderm-neural cortex-1 protein (ENC-1)

0.495526 2.313721  Tryptophanyl-tRNA synthetase (EC 6.1.1.2)
0.384764 2.31186 Kynureninase (EC 3.7.1.3) (L-kynurenine hydrolase)
0.479743 2.287885  Tryptophanyl-tRNA synthetase (EC 6.1.1.2)
0.424243 2.28255  Kynureninase (EC 3.7.1.3) (L-kynurenine hydrolase)
0.437378 2.247253  Signal-regulatory protein a-1

0.174474 2.08398  Neurotensin/neuromedin N precursor

0.341625 2.073607 Ras-related protein Rap-lb

0.472486 2.007198  3’-Phosphoadenosine 5'-phosphosulfate synthetase 1

ible by platelet-derived growth factor and serum (16). Conse-
quently, VIM is of interest as a member of a group of growth-
regulated genes as well as for its structural roles in the
cytoskeleton. In addition, like the MT-1 genes, the VIM gene is
regulated by modification of histones (17) as well as by methyl-
ation in certain types of cancer (18).

In the present study, we reveal that PU.1 directly binds and
epigenetically suppresses the MT-1 and VIM promoters
through HDAC and Dnmt activities. Reduction of PU.1 expres-
sion leads to aberrant induction of MT-1s and VIM through
suppression of HDAC and Dnmt enzyme activities. The pres-
ent study reveals a novel molecular pathway of PU.1 through
the identification of MT-1s and VIM as PU.1 target genes.

EXPERIMENTAL PROCEDURES

Cell Culture of PU.1-knockdown and PU.1-overexpressing
Cells—K562PU.1KD and K562PU.10E cells were previously
established in our laboratory (6) and employed for this study.
K562PU.1KD cells were maintained in RPMI (Invitrogen) con-
taining 10% heat-inactivated fetal bovine serum and 1 ug/ml
puromycin. K562PU.10E cells were grown in RPMI containing
10% heat-inactivated fetal bovine serum and 400 pg/ml neomy-
cin. K562 cells were grown in RPMI containing 10% heat-inac-
tivated fetal bovine serum, 100 units/ml penicillin, and 100
png/mlstreptomycin. The cells were cultured in 5% CO, at 37 °C
in a humidified atmosphere.

RNA Preparation and Microarray Analysis—Total cellu-
lar RNA was isolated from parental, K562PU.1KD, and
K562PU.10E cells using an RNA Mini Purification Kit (Qiagen)
according to the manufacturer’s protocol. The samples were
then subjected to a human 35K array analysis (Operon Biotech-
nologies, Huntsville, AL).

mRNA Expression Analyses—For RNA preparation for real-
time PCR analyses, K562PU.10E cells were seeded at a density
of 2 X 10° cells/ml and treated with 5-aza-2’-deoxycytidine
(5-azadC, Wako Pure Chemicals, Tokyo, Japan) at 0, 0.1, or 0.5
uM, sodium butyrate (SB, Sigma) at 0, 0.1, 0.5, or 1 mm or tri-
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TABLE 3

Expressions of metallothionein isoforms

GenBank™ Acc. No.

NM_005946 Metallothionein-IA (MT-1A)
NM_005947 Metallothionein-IB (MT-1B)
NM_175617 Metallothionein-IE (MT-1E)
NM_005949 Metallothionein-IF (MT-1F)
NM_005950 Metallothionein-IG (MT-1G)
NM_175622 Metallothionein-IH (MT-1H)
NM_005952 Metallothionein-IX (MT-1X)
NM_005953 Metallothionein-IIA (MT-2A)

chostatin A (TSA, Sigma) at 0, 0.1, 0.5, or 1 um. The cells were
harvested after 72 h for 5-azadC treatment and 12 h for SB and
TSA treatments. cDNAs were prepared from the cells using
reverse transcriptase (Superscript 11, Invitrogen). Quantitative
PCR was performed using the Quantitect SYBR Green PCR
Reagent (Qiagen) according to the manufacturer’s protocol and
an Opticon Mini Real-time PCR Instrument (Bio-Rad, Hercu-
les, CA) as previously described (19, 20). The sequences of the
primers were: MT-1G: forward (5'-CTTCTCGCTTGGGAA-
CTCTA-3') and reverse (5'-AGGGGTCAAGATTGTAGC-
AAA-3') (21); MT-1A: forward (5'-CTCGAAATGGACCCC-
AACT-3’) and reverse (5'-CAGGTTGTGCAGGTTGTTCTA-3')
(21); VIM: forward (5'-GGCTCAGATTCAGGGGAACAGC-
3') and reverse (5'-CAGGTTGTGCAGGTTGTTCTA-3")
(21); and JDP2: forward (5'-AAGAGGAGCGAAGGAAA-
AGG-3’) and reverse (5'-CTCTGCGTTCATGAGTTCCA-
3"). Primers for PU.1 and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) were employed as described previously
(20). The thermal cycling conditions for PU.1 were: step 1,95 °C
for 15 min; step 2, 95 °C for 15 s; and step 3, 60 °C for 1 min.
Steps 2—-3 were repeated for 35 cycles. The conditions for the
other genes were: step 1, 95 °C for 15 min; step 2, 95 °C for 30 s;
step 3, 55 °C for 30 s; and step 4, 72 °C for 30 s. Steps 2—4 were
repeated for 35 cycles. The copy number of each sample was
calculated as previously described (22). Regarding patient sam-
ples, 43 specimens from AML patients in Tohoku University
Hospital containing >60% blasts were subjected to density gra-
dient centrifugation using Ficoll-Hypaque (Amersham Bio-
sciences) and analyzed. The French-American-British classifi-
cations and numbers of the patients were as follows: AML-MO,
2; AML-M1, 9; AML-M2, 7; AML-M3, 12; AML-M4, 9; and
AML-MS5, 4. Informed consent was obtained from all patients.
Ethical considerations according to the declaration of Helsinki
were followed.

Plasmids—Human MT-1G, MT-1A, VIM, and ANXA1 pro-
moters fused to a luciferase reporter gene were constructed.
The constructs were first amplified with the following primers:
MT-1G: forward (5'-AAGCCTCGAGGATTCACACCAAGC-
AGTGCC-3’) and reverse (5'-GACTAAGCTTCCCAAGCG-
AGAAGGGAAG-3'); MT-1A: forward (5'-TGCTCTCGAGT-
TTAAAGCAGGGTCAGCA-3’) and reverse (5'-CGGTAAG-
CTTGGAGATCCCAAGCAAGAA-3’); VIM: forward (5'-
CAGGGGTACCCGGAGCCCGCTGAGACTTGA-3") and
reverse (5'-GCCCAAGCTTTGGGTGTGGGTGGTGGGAG-
3");and ANXA1: forward (5'-CAGGCTCGAGCAACAAGCT-
ATATCTAGGAAC-3’) and reverse (5'-GCCCAAGCTTCT-
ACCTTCTTGCAAAGAAC-3'). For the MT-1 and ANXA1
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FIGURE 2. MT-1, VIM, JDP2, and PU.1 transcript levels in AML patients.
A-D, correlations of PU.1 expression with the MT-1G (A), MT-1A (B), VIM (C),
and JDP2 (D) expressions in 43 AML patients. Each dot represents the average
target gene/GAPDH copy number ratio from two to three PCR amplifications.
The correlation coefficient and p value are indicated at the top of each panel.

promoter constructs, the amplified DNA fragments were
digested with Xhol and HindIII. The amplified VIM promoter
fragments were digested with Kpnl and HindIII. The digested
fragments were inserted into the Xhol/HindIIl and Kpnl/
HindIII sites of the pGL3-Basic plasmid (Promega, Madison,
WI), respectively. The DNA sequences were confirmed, and
minor PCR errors were found in the VIM (—204 C/T mutated)
and ANXA1 (—180 T/C mutated) promoters.

In Vitro Methylation and Luciferase Assay—The MT-1s,
VIM, and ANXA1-PGL3 were in vitro-methylated by treat-
ment with M. SssI methylase (New England Biolabs, County
Road, MA) following the manufacturer’s instructions. Aliquots
(1 ug) of methylated or non-methylated promoter constructs
together with Renilla vector PRL-TK (5 ng) were transfected
into K562 cells using TransFectin (Bio-Rad), according to the
manufacturer’s instructions. The promoter activities were ana-
lyzed after 24 h using a dual reporter assay (Promega). The
luciferase experiments were independently repeated six times,
and their reproducibilities were confirmed.

ChIP Assay—Chromatin immunoprecipitation (ChIP) assays
were performed as previously described (23) with some modi-
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FIGURE 3. Changes in the expressions of MT-1s, VIM, and ANXA1 by treatment with HDAC and Dnmt inhibitors. A-C, K562PU.10E cells were treated at
indicated doses with SB (A) or TSA (B) for 12 h or 5-azadC for 72 h (C). The changes in the MT-1G, MT-1A, VIM, and ANXA1 expressions were evaluated by
quantitative real-time PCR. Each gene transcript level was adjusted by the expression of GAPDH, and the relative levels are shown.

fications. Cells were cross-linked with 1% formaldehyde for 5
min at room temperature or 1 h at 4 °C, and the cross-linking
reaction was stopped by incubation with 1.5 M glycine for 10
min at room temperature. The cells were then washed with
ice-cold fluorescent-activated cell sorting solution (phosphate-
buffered saline, 2% fetal bovine serum, 0.05% NaN;) and lysed
on ice with lysis buffer (50 mm Tris-HCI, pH 8.0, 10 mm EDTA
pH 8.0, 1% SDS, Complete protease inhibitor mixture (Roche
Applied Science)) for 20 min. The lysates were subjected to
ultrasonic sonication and then centrifuged to remove cellular
debris. The sonicated lysates were added to 9 volumes of ice-
cold ChIP dilution buffer (50 mm Tris-HCI, pH 8.0, 167 mm
NaCl, 1.1% Triton X-100, 0.11% sodium deoxycholate, Com-
plete protease inhibitor mixture). For immunoprecipitation,
the diluted lysates were incubated with 5 ug of rabbit polyclonal
anti-acetyl-histone H3 (Upstate Biotechnology, Waltham,
MA), rabbit antiserum anti-acetyl-histone H4 (Upstate Bio-
technology), rabbit polyclonal anti-PU.1 (Santa Cruz Biotech-
nology), rabbit polyclonal anti-MeCP2 (Santa Cruz Biotechnol-
ogy), or isotype control rabbit IgG (R&D Systems, Minneapolis,
MN) antibodies for 2 h at 4 °C. Immunocomplexes were precip-
itated with 100 ul of Protein A-agarose beads (Roche Applied
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Science) for 16 h at 4 °C. After washing, the immunoprecipi-
tates were eluted by incubation with ChIP direct elution buffer
(10 mm Tris-HCI, pH 8.0, 300 mm NaCl, 5 mm EDTA, pH 8.0,
0.5% SDS). Proteins were removed by treatment with 30 ug of
proteinase K at 37 °C overnight, followed by incubation at 65 °C
for 6 h to reverse the cross-links. The samples were then incu-
bated with 4 ug of RNase A for 1 h at 37 °C. The DNA was
extracted with phenol-chloroform and precipitated with etha-
nol. After resuspension, the DNA was subjected to 35 cycles of
PCR amplification. The ChIP products were quantified using
various primer sets (supplemental Table 1) and real-time PCR
as described above.

Bisulfite DNA Sequencing Analysis—Genomic DNAs were
prepared from PU.1 transgenic cells using a Blood & Cell Cul-
ture DNA Mini Kit (Qiagen) according to the manufacturer’s
protocol. The isolated genomic DNAs were subjected to bisul-
fite DNA treatment using an EZ DNA Methylation-Gold Kit
(Zymo Research, Orange, CA) according to the manufacturer’s
protocol. The resulting DNAs were subjected to PCR amplifica-
tion. Two primer sets were employed to analyze each gene as
follows: MT-1A: forward (5'-GGGATAGGAGTAGGAGGTTG-
TGGTTGTATT-3’) and reverse (5'-ACACCTCTACTCCTAA-
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AAACATCTATCCTATA-3'); MT-1A” forward (5'-GGAGGA-
TTTGGATAAATGTG-3') and reverse (5'-CTAAATACAACC-
ACCTC-3'); MT-1G: forward (5'-TTTGGTAGATTTAGAAA-
GTGGAGTATAAGA-3') and reverse (5'-CTCAAACCCAAA-
AACACTCTCTATAATATC-3"); MT-1G': forward (5'-GGAG-
GATTTGGATAAATGGG-3")and reverse (5'-CTAAATACAA-
CCACAACCTC-3'); VIM: forward (5'-AGGATAYGGATTTG-
GTGGATATGGTTG-3') andreverse (5'-CAACACCCCAAAA-
TAAACCCAACTCAAACT-3'); and VIM': forward (5'-GTTA-
AGGTAAGTTGATGGATAG-3") andreverse (5'-CTAAACTC-
ACCCTAAAATAC-3'. The amplified fragments were purified
by 2% agarose gel electrophoresis, recovered using a Wizard SV
Gel and PCR Clean-up System (Promega) and cloned into a
pGEM-T Easy vector (Promega). The M13R primer was used
for sequencing with a Big Dye Sequencing Kit (Applied Biosys-
tems, Foster City, CA). The combination of bisulfite treatment
and PCR amplification resulted in the conversion of unmethy-
lated cytosine (C) residues to thymine (T) residues, whereas
methylated C residues remained unconverted. The products
were analyzed using an ABI Prism DNA Sequencer 3130
(Applied Biosystems) and changes from C to T were detected.

Statistical Analysis—Correlations between two continuous
variables were calculated by the Spearman rank correlation test.
For all analyses, the p values were two-tailed, and values of p <
0.05 were considered statistically significant.

RESULTS

MT-1s, VIM, and JDP2 Are Bona Fide Targets of PU.1—To
identify the PU.1 target genes in leukemia cells, dual microarray
analyses were carried out using Human 35-K arrays, in which
35,000 human genes were spotted. We employed K562PU.1KD
cells (2-10 and 3-10) and K562PU.10E cells (A2 and H8), which
we recently established in our laboratory (6). In our previous
study, the gene expression profiles were compared among
K562PU.1KD 2-10 cells and their control vec6 cells. We iden-
tified ANXA1 as a target gene of PU.1 (6). In the present study,
we performed further array analyses comparing K562PU.10E
cells (H8) and their control (V2) cells, and the data were
analyzed in combination. In the comparison between
K562PU.1KD and control cells, 70 genes were differentially
expressed by =2-fold in PU.1KD cells, and 106 genes were dif-
ferentially expressed by <0.5-fold in PU.10E cells (Fig. 14).
Together with these genes, we found that three genes, including
ANXA1 (6), were commonly affected, being induced by PU.1
down-regulation and suppressed by PU.1 up-regulation (Table 1).
On the other hand, 179 genes were down-regulated in PU.1KD
cells by =2-fold, and 59 genes were up-regulated by =2-fold in
PU.1 OE cells (Fig. 1B). In these analyses, we identified 10 genes
that were commonly affected by PU.1 (Table 2).

In the present study, we focused on the genes with fully char-
acterized functions that are known to play roles in hematopoi-
esis and oncogenesis to clarify the roles of PU.1 in these pro-
cesses. On these bases, we selected MT-1G (7), VIM (16), and
JDP2 (24). Induction of VIM (Fig. 1C, lower left) and MT-1G
(Fig. 1C, upper left) and suppression of JDP2 (Fig. 1C, lower
right) were observed in both K562PU.1KD clones (2-10 and
3-10), suggesting that these genes are candidates for PU.1 target
genes. Because MTs are encoded by a family of genes contain-
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FIGURE 4. Suppression of the MT-1, VIM, and ANXA1 promoters by DNA
methylation. A, schematic representations of the genomic structures of the
5' regions of the MT-1G, MT-1A, VIM, and ANXA1 genes. The arrow indicates
the transcription start site. The regions corresponding to —1000 to +47 for
the MT-1G promoter, —808 to +56 for the MT-1A promoter, —843 to +63
for the VIM promoter, and —792 to +52 for the ANXA1 gene promoter were
amplified and fused to a luciferase reporter gene for further analyses. B, the
MT-1G, MT-1A, VIM, and ANXAT1 luciferase reporter constructs and empty
vector (PGL3) were transfected into K562 cells. The constructs were incubated
with or without M. Sss7 methylase. The results are indicated as ratios of the
luciferase activity to the Renilla luciferase activity. The data presented were
calculated from six independent experiments.

ing several isoforms in humans (7), we analyzed the expression
changes of MT isoforms using this array. We found that the
expression levels of all the functional MT isoforms expressed in
humans (MT-1A, -B, -E, -F, -G, -H, and -X and MT-2) were
increased by varying degrees in 2-10 cells (Table 3). Although
the expression change was slightly lower than the experimental
value (=2-fold), we found that MT-1A was also significantly
increased (1.922954) among these isoforms. These expression
changes were confirmed by real-time PCR (Fig. 1C, upper
right).

Next, we checked the expression levels of the MT-1, VIM,
and JDP2 genes in PU.1IOE cells. We found that MT-1G,
MT-1A, and VIM were suppressed, whereas JDP2 was induced
in proportion with the PU.1 expression (Fig. 1D), suggesting
that these genes are bona fide targets of PU.1.

MT-1, VIM, JDP2, and PU.1 Transcript Levels in AML
Patients—T o address the potential relevance of our findings for
human AML, we analyzed the gene expression levels in leuke-
mic bone marrow cells from 43 individuals with AML. As
expected, we detected negative correlations between the PU.1
mRNA expression level and the mRNA expression levels of the
MT-1s and VIM in all 43 AML specimens (MT-1G: R = —0.50,
p < 0.001, Fig. 24; MT-1A: R = —0.58, p < 0.0005, Fig. 2B;
VIM: R = —0.39, p < 0.01, Fig. 2C). In addition, there was a
modest, but significant, positive correlation between JDP2 and
PU.1 (R = 0.30, p < 0.05, Fig. 2D). These data suggest that the
correlations of PU.1 with MT-1s, VIM, and JDP2 identified in
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FIGURE 5. Analyses of acetylated histones by ChIP assays. A-H, the indicated regions of the MT-1G
(A), MT-1A (Q), VIM (E), and ANXA1 (G) promoters were amplified by ChIP assays. A TATA (-like) box is shown in
the shaded square. ChiIP assays were performed with the indicated K562PU.1KD cells and their control cells.
Chromatin modification by histone H3 and H4 acetylations was analyzed. The results for the MT-1G (B), MT-1A
(D), VIM (F), and ANXAT1 (H) promoters are shown. Antibodies against acetylated histone H3 (Ac-H3) or acety-
lated histone H4 (Ac-H4) were used. The ChIP products were quantified by PCR. The y-axis shows the relative
expression calculated from the copy numbers divided by the copy numbers of GAPDH. The results shown were

calculated from three independent experiments.

the PU.1 transgenic cells play roles in human AML. Diminished
PU.1 expression may contribute to the aberrant induction or
suppression of these target genes in individuals with hemato-
logical malignancies.

Changes in the Expressions of MT-1s, VIM, and ANXAI
Induced by the Dnmt Inhibitor 5-azadC and HDAC Inhibitors
SB and TSA—Next, we focused on how these induced genes are
regulated by PU.1. Although PU.1 functions as a transcriptional
activator (25), it also forms a complex with HDAC and Dnmt,
and functions as a transcriptional repressor (9, 10, 26). In this
study, we focused on the genes suppressed by PU.1 expression.
We hypothesized that MT-1s and VIM may be epigenetically
silenced by PU.1. In addition to these genes, we examined the
regulation of the ANXA1 gene, because we recently identified
an inverse correlation between its expression and PU.1 expres-
sion (6). To clarify the roles of the Dnmt and HDAC activities in
the regulation of these genes, we treated K562PU.10E cells
with the Dnmt inhibitor 5-azadC and HDAC inhibitors SB and
TSA and examined the changes in the gene expression levels.
Asshownin Fig. 3, MT-1 and VIM expressions were induced by
the addition of these HDAC and Dnmt inhibitors (Fig. 3). In
contrast, ANXA1 expression was induced by SB and TSA, but
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The VIM promoter also has a high
GC content (15, 17). Therefore,
these promoters may be potential
targets for DNA methylation. In
contrast, CpG sites were relatively
scarce in the ANXA1 promoter (Fig.
4A). Hence, we examined the regu-
lation of these genes by DNA meth-
ylation. To analyze the effects of
DNA methylation on the promoter
activities, we generated and employed
MT-1G (—1000 to +47), MT-1A
(—808 to +56), VIM (—843 to +63),
and ANXA1l (=792 to +52) pro-
moter luciferase constructs. These
constructs were treated with M.
Sss1 methylase to determine whether these promoters are reg-
ulated by DNA methylation. As shown in Fig. 4B, the promoter
activities were significantly suppressed by treatment with this
enzyme. Although this was an in vitro assay, these findings indi-
cate that the regions depicted in Fig. 44 confer promoter activ-
ity and are subject to DNA methylation.

Histone Modifications in the MT-1, VIM, and ANXA1I Pro-
moters Induced by PU.1 Down-regulation—To examine
whether histone modifications in the MT-1, VIM, and
ANXA1 promoters are correlated with changes in PU.1
expression, quantitative ChIP assays were performed using
polyclonal antibodies against acetylated H3 and acetylated
H4. The indicated regions of the MT-1, VIM, and ANXA1
promoters were amplified by ChIP assays (Fig. 5, A, C, E, and
G). In K562PU.1KD cells (2-10 and 3-10), the histone H4
acetylation levels were clearly increased in the MT-1 and
VIM promoters, but not in the ANXA1 promoter. In addi-
tion, acetylated H3 showed a tendency to be increased in
these promoters in K562PU.1KD cells (Fig. 5, B, D, F, and H).
These findings suggest that the transcription levels of the
MT-1, VIM, and ANXA1 genes are regulated by histone
acetylation in their promoters. In addition, the histone mod-

vec6 3-10 2-10
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experiments.

ification of the ANXAI gene promoter by PU.1 is different
from that of the other three promoters.

PU.1 Directly Binds to the MT-1 and VIM Promoters in Con-
cert with MeCP2—PU.1 forms a complex with MeCP2, which
recruits mSin3A-HDAC and Dnmt (10). MeCP2 is known to
induce transcriptional repression of methylated CpG promoters
by recruiting Dnmts and HDACs (28). Therefore, the recruit-
ments of PU.1 and MeCP2 to these promoters were examined.
ChIP assays using K562PU.10E cells (H8) revealed that PU.1 pri-
marily bound to the —596 to —297 region of the MT-1G promoter
(Fig. 6A, upper left panel). MeCP2 was observed to overlap with the
PU.1 occupancy (Fig. 6A, lower left panel). In the MT-1A and VIM
promoters, PU.1 and MeCP2 were also observed to bind to over-
lapping regions (Fig. 6, B and C, left). In contrast, using
K562PU.1KD cells (2-10), the recruitment of PU.1, as well as
MeCP2, to these promoters was obviously diminished by the
down-regulation of PU.1. Additionally, we were unable to detect
any recruitment of PU.1 to the ANXA1 promoter (Fig. 6D, upper
panel), although MeCP2 primarily bound to the —597 to —295
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region of this promoter (Fig. 6D, lower panel). Taken together,
these findings demonstrate that PU.1 directly binds to the MT-1
and VIM promoters in concert with MeCP2 and epigenetically
represses the expressions of these genes.

Proportions of Methylated CpG Sites in the MT-1 and VIM
Promoters Are Tightly Correlated with the PU.1 Expression
Levels—We observed that MT-1s and VIM were direct target
genes of PU.1. Therefore, we determined the methylation
statuses of the PU.1- and MeCP2-recruited regions in these
promoters by bisulfite DNA sequencing analyses. As shown
in Fig. 7A, the proportion of methylated CpG islands in the
PU.1-recruited region in the MT-1G promoter was signifi-
cantly reduced in K562PU.1KD cells, most prominently in
2-10 cells (~55%), compared with control cells (75— 87%). In
addition, the methylated CpG sites in K562PU.10E cells
were modestly increased (87%) compared with their control
cells (73%) (Fig. 7A). The methylation status of the MT-1A
promoter was also correlated with PU.1 expression, ranging
from 0.3% (2-10 cells) to 14% (vec6 cells) and from 21% (H8
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cells) to 5% (V1 cells) (Fig. 7B). Furthermore, the proportion
of methylated CpG islands in the VIM promoter was also
correlated with the expression of PU.1, ranging from ~1%
(2-10 cells) to 14% (vec5 cells) and from 15% (H8 cells) to 6%
(V1 cells) (Fig. 7C). These findings suggest that MT-1s and
VIM are regulated by promoter methylation associated with
PU.1 expression. Taken together, these findings demon-
strate that PU.1 directly binds to the MT-1 and VIM promot-
ers in concert with MeCP2 and epigenetically represses the
expression of these genes in leukemia cells.

asEve
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DISCUSSION

MT was reported to be a potential negative regulator of
apoptosis (29). Strong linear negative correlations were
found between the basal MT levels and etoposide-induced
apoptosis in the human tumor cell lines PLC/PRF5/5, H460,
and HepG2 (29). These findings suggest that MT may play
roles in carcinogenesis and drug resistance, in at least a por-
tion of cancer cells. Compared with analyses of solid tumors,
few studies have analyzed the roles of MT in hematological
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malignancies. Sauerbrey et al. (30) investigated the expres-
sion levels of the resistance-related proteins Pgp, GST-pi,
topoisomerase-II, and MT in leukemic cells from 19 children
with newly diagnosed acute non-lymphoblastic leukemia.
Although the number of patients was small, they found that
MT was expressed in leukemic cells isolated from 68% of
these newly diagnosed acute non-lymphoblastic leukemia
cases. Patients who developed relapses showed a poorer
prognosis and frequently expressed more than two resis-
tance-related proteins, including MT, compared with
patients who remained in remission (30). In children with
acute leukemia at diagnosis and during treatment, in vivo
expression of MT by tumor cells constituted a cellular pro-
tective mechanism that prevented chemotherapy-induced
apoptosis (30). Of note, it was recently reported that, in 115
diffuse large B-cell lymphoma patients, MT-1 labeling of
>20% of the lymphoma cells was associated with a signifi-
cantly poorer 5-year survival rate, independent of age, stage,
or international prognostic index (31). We speculate that
down-regulation of PU.1, which leads to overexpression of
MT-1s, may play a role in the drug resistance of AML cells.
Indeed, a previous study showed that MT can inhibit anthra-
cycline-induced mitochondrial cytochrome ¢ release and
caspase-3 activation (32). Together with the present find-
ings, further analyses of the expression levels of MT-1s in
hematological malignancies are desired. Studies to clarify
the resistance mechanisms of K562PU.1KD cells toward
anticancer drugs are underway in our laboratory.

Caspase-induced cleavage of the cytoskeletal network has
been demonstrated and, in particular, VIM is degraded in
response to various inducers of apoptosis (33). In Jurkat cells
transfected with full-length VIM, apoptosis was partly sup-
pressed by photodynamic treatment with the silicon phthalo-
cyanine Pc4 (33). Therefore, in addition to functions in growth
regulation (13, 14), induced expression of VIM, as well as MT,
may function in anti-apoptosis mechanisms in leukemia cells.
Consequently, it is possible that up-regulated levels of MT
and/or VIM mRNAs may be useful for identifying particular
subgroups of leukemia patients who could benefit from more
intensive therapies.

In follicular lymphoma, strong PU.1 expression, together
with CD20 and CD75 expressions, showed significant asso-
ciations with longer progression-free survival and overall
survival (34). We recently reported that, in 24 AML cases,
PU.1 expression was inversely correlated with FIt3 expres-
sion (20), whereas strong expression of FIt3 was an unfavor-
able prognostic factor for overall survival in 91 AML cases
without FIt3-ITD mutations (35). Together with the present
findings, decreased PU.1 expression may represent a poor
prognostic marker for AML or other types of leukemia and
hematopoietic malignancies.

JDP2 was identified as a c-Jun-interacting protein (36). JDP2
also interacts with other Jun family transcription factors, JunB
and JunD (36). In addition, JDP2 inhibits cell transformation
and acts as a tumor suppressor (24). In analyses of samples from
primary AML patients, Steidl ez al. (37) demonstrated a signif-
icant positive correlation between PU.1 expression and JunB
expression, but not c-Jun expression. Because we detected sig-
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nificant correlations between PU.1 and JDP2 in our AML spec-
imens, and the role of c-Jun in the pathogenesis of AML is well
documented (37), we speculate that JDP2 may serve as a cofac-
tor for c-Jun function in the pathogenesis of PU.1 knockdown-
induced AML. Taken together, the suppression of the tumor
suppressor JDP2 with c-Jun and/or JunB mediated by PU.1
down-regulation may play a role in leukemogenesis. The cur-
rent report may complement previous studies (3, 37) regarding
the roles of Jun family transcription factors in PU.1 knock-
down-induced leukemic stem cells.

We have clearly demonstrated that PU.1 binds to the
MT-1 and VIM promoters in concert with MeCP2. Although
MeCP2 was also observed to bind to a region of the ANXA1
promoter, we found that the proximal region of this pro-
moter was not affected by PU.1. In addition, we found that
JDP2 expression was positively correlated with PU.1.
Intriguingly, based on a Transcriptional Factor Search
(available on-line), there are three putative AP-1-related
JDP2-binding sites in the —950 to —430 region in the
ANXAT1 promoter. JDP2 is a transcriptional repressor that
recruits HDAC complexes and leads to changes in the his-
tone acetylation statuses of the promoter regions of its target
genes (38). Although the methylation activity of JDP2 has
not yet been reported, we speculate that the down-regula-
tion of JDP2, or another transcriptional repressor related to
PU.1, may be responsible for the induction of the ANXA1
gene.

In summary, we have identified MT-1s and VIM as direct
target genes for PU.1 suppression in leukemia cells. Although
aberrant DNA methylation and acetylation of histones are
believed to be important for the pathogenesis of leukemia, this
study and others (39, 40) have indicated that insufficient
recruitments of these epigenetic factors also play roles in leu-
kemia pathogenesis. This notion may represent an essential
insight toward understanding of the mechanisms of hemato-
poietic malignancies.
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