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RUNX1/AML1 is required for the development of definitive hematopoiesis, and its activity is altered by
mutations, deletions, and chromosome translocations in human acute leukemia. RUNX1 function can be
regulated by post-translational modifications and protein–protein interactions. We show that RUNX1 is
arginine-methylated in vivo by the arginine methyltransferase PRMT1, and that PRMT1 serves as a
transcriptional coactivator for RUNX1 function. Using mass spectrometry, and a methyl-arginine-specific
antibody, we identified two arginine residues (R206 and R210) within the region of RUNX1 that interact with
the corepressor SIN3A and are methylated by PRMT1. PRMT1- dependent methylation of RUNX1 at these
arginine residues abrogates its association with SIN3A, whereas shRNA against PRMT1 (or use of a
methyltransferase inhibitor) enhances this association. We find arginine-methylated RUNX1 on the promoters
of two bona fide RUNX1 target genes, CD41 and PU.1 and show that shRNA against PRMT1 or RUNX1
down-regulates their expression. These arginine methylation sites and the dynamic regulation of corepressor
binding are lost in the leukemia-associated RUNX1–ETO fusion protein, which likely contributes to its
dominant inhibitory activity.

[Keywords: CD41; PU.1; arginine methylation; myeloid differentiation; AML1 target genes]

Supplemental material is available at http://www.genesdev.org.

Received November 8, 2007; revised version accepted December 28, 2007.

The RUNX1/CBF� transcriptional regulatory complex is
required for the development of murine definitive hema-
topoiesis (Okuda et al. 1996; Wang et al. 1996). RUNX1
(also known as AML1, CBFA2, and PEBP2�B) is the
DNA-binding component of this complex, and its func-
tion is often compromised by mutations or chromosom-
al translocations in acute leukemia. The RUNX1–ETO
fusion transcription factor, which is generated by the
t(8;21) in acute myeloid leukemia (AML), has aberrant
transactivating properties and can function as a domi-
nant inhibitor of RUNX1 function and of other transcrip-
tion factors as well (Mao et al. 1999; Nimer and Moore
2004; Zhang et al. 2004). RUNX1–ETO can promote the
self-renewal of human and murine hematopoietic stem
cells, which may increase the chance of developing sec-
ondary mutations, leading ultimately to the develop-
ment of acute leukemia (Higuchi et al. 2002; Mulloy et
al. 2003).

The human RUNX1 gene has three different isoforms,
RUNX1a (which encodes a theoretical 250-amino-acid
protein), RUNX1b (which contains 453 amino acids), and

RUNX1c (which contains 480 amino acids). All contain
the Runt DNA-binding domain, and both RUNX1b and
RUNX1c contain transcriptional activating domains.
There is no apparent functional difference between
RUNX1b and RUNX1c despite their alternative N ter-
mini. (See Supplemental Fig. S1 for a sequence align-
ment. In this paper, we used amino acid number accord-
ing to RUNX1b.) RUNX1 can act as either a transcrip-
tional activator or a repressor, depending on the cellular
and promoter context. RUNX1 often activates transcrip-
tion weakly, but its interactions with other transcription
factors such as GATA-1, ETS-1, and C/EBP� enhance its
activating properties (Wotton et al. 1994; Zhang et al.
1996; Elagib et al. 2003). To achieve transcriptional ac-
tivation, RUNX1 recruits coactivator molecules, such as
ALY, p300, YAP, and MOZ (Bruhn et al. 1997; Kitabaya-
shi et al. 1998, 2001; Yagi et al. 1999), which generally
bind to the C terminus of RUNX1. However, RUNX1
can specifically silence CD4 gene expression during ma-
ture T-cell differentiation (Taniuchi et al. 2002); its re-
pression of the p21 gene promoter in NIH3T3 cells has
also been reported (Lutterbach et al. 2000). Although two
distinct repressor complexes bind to RUNX1, the core-
pressor SIN3A complex (Lutterbach et al. 2000), and the
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Groucho/TLE repressor complex (Levanon et al. 1998),
the precise mechanism through which specific genes are
silenced by RUNX1 is not well understood.

RUNX1 is modified by phosphorylation (e.g., by the
serine/threonine kinase ERK2) (Tanaka et al. 1996) and
by acetylation (e.g., by the coactivator acetyltransferase
p300) (Yamaguchi et al. 2004). Both modifications en-
hance transcriptional activation by RUNX1, thereby in-
fluencing its role in hematopoiesis. Recently, interac-
tions of RUNX1 with the lysine methyltransferase
SUV39H1 have been reported (Chakraborty et al. 2003;
Reed-Inderbitzin et al. 2006), and a role for this methyl-
transferase in gene repression by RUNX1 has been sug-
gested.

The arginine methylation of nonhistone proteins is be-
ing increasingly identified. PRMT1 is an arginine meth-
yltransferase that functions to monomethylate or asym-
metrically dimethylate arginine residues. PRMT1 is
found in both the cytoplasm and the nucleus (Herrmann
et al. 2005), and it accounts for most of the Type I argi-
nine methyltransferase activity in cells (Tang et al.
2000). It is well established that arginine methylation by
PRMT1 serves as a general marker for active transcrip-
tion (Huang et al. 2005). PRMT1 targets histone H4R3
for arginine methylation, promoting the subsequent
p300- and CARM1-mediated acetylation and methyla-
tion of histone tails (An et al. 2004). It also modifies
coactivator molecules such as PGC-1 (Teyssier et al.
2005) and NIP45 (Mowen et al. 2004), and it is recruited
by YY1 (Rezai-Zadeh et al. 2003), by nuclear hormone
receptors (Wang et al. 2001), and by p53 for transcrip-
tional activation (An et al. 2004).

RUNX proteins contain several potential arginine
methylation sites, which prompted us to examine
whether PRMT1 can methylate RUNX1 and alter its ef-
fect on gene expression. We show that PRMT1 directly
interacts with RUNX1, methylates RUNX1, and func-
tions as a coactivator for RUNX1-dependent transcrip-
tional activation; and that reduction in the level of
PRMT1 (or RUNX1) lowers the expression of several
true RUNX1 target genes. While several sites within
RUNX1 appear to be methylated, methylation of argi-
nine residues within an RTAMR region of the RUNX1,
just C-terminal to the Runt DNA-binding domain,
abrogates the binding of SIN3A, thereby promoting
RUNX1 transcriptional activity. The RTAMR region is
not present in RUNX1–ETO, which binds SIN3A in a
methylation-insensitive manner. We find variable levels
of PRMT1, RUNX1, and arginine-methylated RUNX1
proteins in different hematopoietic cell lineages, which
further suggests that this post-translational modification
is involved in fine-tuning RUNX1 transcriptional regu-
latory activity.

Results

PRMT1 associates with RUNX1 in vivo

RUNX1 is a weak activator of several promoter-driven
reporter constructs (Uchida et al. 1997; Elagib et al.
2003), but we found that PRMT1 enhances the effects of

RUNX1 on both the IL-3 promoter (data not shown) and
the CD41 promoter (Supplemental Fig. S2). Both MTA (a
nonspecific methyltransferase inhibitor) and shRNA
that knock down PRMT1 levels (Rezai-Zadeh et al. 2003)
abrogate promoter activation by RUNX1.

As these findings could reflect global effects of PRMT1
on transcription, we first examined whether PRMT1
physically interacts with RUNX1 in vivo. Using HEL
cell extracts, we readily coimmunoprecipitated PRMT1
using an anti-RUNX1 antibody and immunoprecipitated
RUNX1 protein using an anti-PRMT1 antibody, under
stringent washing conditions (900 mM NaCl and 1%
NP-40) (Fig. 1A,B). As PRMT1 is involved in RNA export
(Yu et al. 2004) and can bind DNA via sequence-specific
transcription factors (Rezai-Zadeh et al. 2003), we in-
cluded RNase A and ethidium bromide in these immu-
noprecipitation reactions to exclude the possibility that
its interactions with RUNX1 are mediated through RNA
or DNA (Lai and Herr 1992). Neither treatment dis-
rupted the RUNX1–PRMT1 immunoprecipitable com-
plex, showing that PRMT1 and RUNX1 interact in a
DNA- and RNA-independent manner.

To map the region in RUNX1 that interacts with
PRMT1, we used various GST-RUNX1 fusion proteins
(∼5 µg of protein per pull-down reaction) to pull down in
vitro translated PRMT1 (Supplemental Fig. S3). Clearly,
several different portions of the C terminus of RUNX1
can pull down PRMT1, which is similar to fibrillarin, a
protein that interacts with PRMT1 through several re-
gions (Yanagida et al. 2004). However, neither the Runt
domain itself (GST-RUNX1 60–182) nor the N-terminal
region of RUNX1 (GST-RUNX1 2–60) pulls down
PRMT1. Thus, the binding of PRMT1 can occur via more
than one domain within the RUNX1 C-terminal region.
To further demonstrate the interaction of these proteins
in vitro, we also used GST-PRMT1, which readily pulled
down in vitro translated RUNX1 (Supplemental Fig. S3C).

Multiple sites in RUNX1 are arginine-methylated in
vitro by PRMT1

PRMT1 does target nonhistone proteins for arginine
methylation (Boisvert et al. 2003), so we determined if
RUNX1 is arginine-methylated by PRMT1 in vitro and
mapped the sites of methylation using mass spectrom-
etry. By incubating in vitro translated RUNX1 with re-
combinant GST-PRMT1 and 3H-methyl-SAM, we
readily detected arginine-methylated RUNX1 (using au-
toradiography) (data not shown). We also detected argi-
nine methylation of RUNX1a at its C terminus (between
amino acids 182 and 250) and within the Runt domain
(within an “SGRGK” sequence that is also found at the
N-terminal tail of histones H4 and H2A) (data not
shown). We observed no methylation at the N terminus
of RUNX1a (data not shown). Comparative mass spec-
trometric analysis of tryptic digests of the modified and
unmodified RUNX1a protein identified these methyla-
tion sites. One m/z peak, at 1217.631 atomic mass units
(amu), observed in the spectra of PRMT1-treated RUNX1
but not the untreated control, mapped to a predicted,
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monomethylated tryptic fragment of the sequence TAM-
RVSPHHPA (NCBI #557639) with a mass discrepancy of
<12 ppm (0.015 Da) for the monoisotopic peak. This pre-
cursor ion was then selected for MALDI-TOF/TOF MS/
MS analysis. The presence of unique fragment ions (b
ions—originating at the N terminus) confirmed the iden-
tity of the peptide and allowed assignment of the meth-
ylation site to R210 in the published sequence (marked
in bold and underlined in Fig. 1D), which is just C-ter-
minal to the Runt domain, within a region shown to
interact with the SIN3A repression complex (Lutterbach
et al. 2000). This same region also interacts with PRMT1
(Supplemental Fig. S3). The R210 residue is present in
RUNX1a, RUNX1b (R210), and RUNX1c (R237) (see

Supplemental Fig. S1), but it is missing from RUNX1–
ETO, which contains only 177 amino acids from RUNX1.

To further define arginine methylation within the C-
terminal region of RUNX1, we performed in vitro meth-
ylation assays using a synthetic peptide that contains
amino acids 203–215. The in vitro PRMT1-methylated
peptide was sequenced using the Edman degradation
method; not only was the arginine at position 210 (R210)
methylated by PRMT1, but so was the arginine at posi-
tion 206 (R206) (Fig. 1D), with the R206 site being the
more dominant site within the small peptide. The R206
residue is present in RUNX1a, RUNX1b, and RUNX1c (po-
sition 233), but not in the RUNX2 or RUNX3 proteins.

RUNX1 is arginine-methylated in vivo

To determine whether RUNX1 exists as an arginine-
methylated protein in vivo, we metabolically labeled
several leukemia cell lines with [3H-methyl]-methionine
in the presence of cycloheximide (to prevent methionine
incorporation during protein synthesis). Using an anti-
RUNX1 antibody to immunoprecipitate RUNX1 protein
from the metabolically labeled cell extracts, we clearly
detected 3H-methyl-RUNX1 in HEL cells (Fig. 2A, lane
1), and in Kasumi-1 and Meg 01 cells (data not shown).
RUNX1 protein pulled down from the HEL cell extract
by the anti-RUNX1 antibody runs at exactly the same
position as radiolabeled RUNX1 (Fig. 2A, cf. lanes 3 and
1). The anti-TBP antibody pulled down neither methyl-
ated RUNX1 protein (Fig. 2A, lane 4) nor 3H-methyl-
methionine labeled TBP (Fig. 2A, lane 2), demonstrating
that the detected protein band is not due to de novo
synthesis of RUNX1.

To demonstrate that RUNX1 is indeed arginine-meth-
ylated at R206 and R210 in vivo, we generated an argi-
nine methylation-specific anti-RUNX1 antibody that
recognizes these methylated arginine residues. We used
a dot blot assay to characterize the affinity-purified
R206/R210 (RTAMR) directed antibody, and by using
several different peptides, showed that the antibody spe-
cifically recognizes the doubly dimethylated R206/R210
peptide (Fig. 2B). It does not recognize the unmodified
peptide, a R210 singly dimethylated peptide, a histone
H4 tail R3-methylated peptide, or peptides containing
the SGRGK motif in the Runt domain region. Using re-
combinant RUNX1a protein, which was arginine-meth-
ylated by PRMT1 in vitro, we showed that the anti-
methyl RUNX1 antibody indeed recognizes PRMT1-
methylated RUNX1 protein (Fig. 2C).

We also used this antibody to confirm that RUNX1 is
arginine-methylated in the RTAMR region in vivo, first
by overexpressing wild-type and different arginine mu-
tant forms of RUNX1 protein in HeLa cells. Again, the
antibody recognizes the methylated form of wild-type
RUNX1, but not the R206/R210 double mutant form or
the single R206K or R210K mutant forms of RUNX1
(Fig. 2D, cf. lanes 2 and 3,4,5), confirming that RUNX1 is
doubly methylated in vivo. PRMT1 is clearly the rel-
evant methyltransferase in vivo, as the amount of meth-
ylated RUNX1 increases following the overexpression of

Figure 1. The endogenous RUNX1 and PRMT1 proteins physi-
cally interact in HEL cells. (A) An anti-RUNX1 antibody was
used to immunoprecipitate PRMT1 from HEL cell extracts, us-
ing preimmune rabbit serum as control. As a positive control,
CBF� was detected among the anti-RUNX1 immunoprecipi-
tated proteins. (B) An anti-PRMT1 murine antibody was used to
immunoprecipitate RUNX1 from HEL cell extracts, using an
irrelevant murine IgG antibody as negative control. (C) Sche-
matic diagram of RUNX1b, showing the position of the Runt
domain shaded and the RTAMR methylation site; the numbers
on top correspond to the amino acid position. (D) Results of
Edman degradation of an in vitro methylated synthetic peptide
that contains amino acids 203–215 of RUNX1. Two sites in
RUNX1 that are arginine-methylated by recombinant PRMT1
are identified.
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PRMT1 (Fig. 2D, cf. lanes 7 and 2) and is reduced when
PRMT1 levels are lowered by shRNA in HEL cells (Fig.
2E), and in HeLa cells (Fig. 3A, cf. lanes 2 and 5).

Treatment of HEL cells with MTA (a chemical that
metabolically inhibits cellular [including PRMT cata-
lyzed] methylation, at 1 mM) leads to substantially less
methylated RUNX1 with little change in the amount of
RUNX1 protein (Supplemental Fig. S4A,B). This effect is
also observed using a generic methyl-arginine-specific
antibody 7E6 (Fig. 3B). Similar results are obtained using
Kasumi-1 cells (which also express RUNX1–ETO)
(Supplemental Fig. S4C).

RUNX1 arginine methylation by PRMT1 regulates its
association with SIN3A

It has been shown that SIN3A is recruited to RUNX1
through the RUNX1 amino acid 177–210 region (Lutter-

bach et al. 2000). Thus, the sites of in vivo arginine
methylation in RUNX1 are within the SIN3A-interact-
ing domain. To investigate whether methylation of the
arginine residues in the SIN3A-interacting region of
RUNX1 affects this interaction, we expressed the R-to-K
mutant forms of RUNX1 and performed immunoprecipi-
tation studies in HeLa cells. These studies show that
both the wild-type and the mutant forms of RUNX1 bind
to endogenous PRMT1 (Fig. 3A, lanes 2,7 next to bottom
panel) and to SIN3A (Fig. 3A, lanes 2,7, bottom panel).
However, while PRMT1 overexpression abrogates the
binding of SIN3A to the wild-type RUNX1 protein (Fig.
3A, lane 3), it does not appreciably decrease SIN3A bind-
ing to the double R-to-K RUNX1 mutant (Fig. 3A, lane
8). Furthermore, knocking down PRMT1 expression us-
ing shRNA enhances the association of SIN3A with
wild-type RUNX1 (Fig. 3A, lane 5) but does not change

Figure 2. RUNX1 is arginine-methylated
in vivo. (A) HEL cells were treated with
protein synthesis inhibitors before [3H-
methyl]-methionine was added to the me-
dium for labeling. The cell lysate was then
immunoprecipitated with an anti-RUNX1
antibody (lanes 1,3) or an irrelevant (anti-
TBP) antiserum (lanes 2,4). Methylated
RUNX1 is shown in the left panel, and the
middle and right panels are immunopre-
cipitation controls for the two antibodies
used. (B) The anti-methyl-arginine-specific
RUNX1 antibody efficiently recognizes the
R206 and R210 diasymmetrically methyl-
ated peptide, but not the unmethylated
peptide, the R210-only asymmetrically
methylated peptide, the R142 asymmetri-
cally methylated peptide, or the R3 asym-
metrically methylated H4 histone tail pep-
tide in a dot blot analysis. (C) The anti-
methyl-arginine RUNX1 antibody
recognizes recombinant RUNX1 only after
in vitro methylation by recombinant GST-
PRMT1. The top panel is the PVDF mem-
brane stained for protein, and the bottom
panel is a Western blot assay performed
with the anti-methyl-arginine-RUNX1 an-
tibody. (D) The wild-type RUNX1 protein,
but not the R206K and R210K mutant pro-
teins, is doubly arginine-methylated in
HeLa cells, as detected using the anti-
methyl-arginine RUNX1 antibody. Lane 1
is HeLa cells transfected with the empty
pCDNA3 vector, whereas lanes 2–5 con-
tain overexpressed wild-type RUNX1c or
the various R-to-K RUNX1 mutants. Lane
6 contains HeLa cells that overexpress
PRMT1 alone, and lanes 7–10 contain
overexpressed RUNX1c and overexpressed
PRMT1. The overexpression of PRMT1
leads to greater methylation of RUNX1

wild-type protein (cf. lanes 2 and 7), without changing the level of RUNX1 expression. Similarly, overexpression of RUNX1c did not
change the level of PRMT1 (cf. lanes 1 and 2). (E) Knocking down PRMT1 in HEL cells with shRNA reduces the amount of
arginine-methylated RUNX1 but not the total amount of RUNX1 protein. Lane 1 is the vector-integrated HEL cells. Lane 2 shows the
decrease in PRMT1 and methyl RUNX1 in HEL cells that stably express PRMT1 shRNA. Actin levels serve as the loading control.
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the association of SIN3A with the R-to-K mutant
RUNX1 protein (Fig. 3A, lane 10). (Changing the amount
of PRMT1 had no effect on the total amount of SIN3A or
RUNX1 in the cell [Fig. 3A].) Since PRMT1 and SIN3A
interact with RUNX1 through the same region, it is pos-
sible that PRMT1 and SIN3A compete for binding to
RUNX1. To evaluate this possibility, we included the
enzymatically dead form of PRMT1 (PRMT1 EQ, which
interacts with RUNX1 as efficiently as does wild-type
PRMT1 in the coimmunoprecipitation assay). (Note that
the overexpressed PRMT1 proteins are HA-tagged and
therefore run slightly larger than the endogenous
PRMT1 in Fig. 3A; Western blot analysis using an anti-
HA antibody shows that the overexpressed protein is de-
tected as a single band.) SIN3A is still associated with
RUNX1 in the presence of the overexpressed PRMT1 EQ
mutant (Fig. 3A, lanes 4,9). Thus, arginine methylation
of RUNX1 regulates its association with SIN3A, but the

binding of PRMT1 to RUNX1 does not physically dis-
place SIN3A.

To further demonstrate that methylation within this
region directly disrupts the interaction between SIN3A
and RUNX1, we performed a peptide pull-down assay.
Methylated or nonmethylated synthetic peptides con-
taining the RTAMR region of RUNX1 were used to pull
down SIN3A from HEL cell nuclear extracts. While the
nonmethylated peptide efficiently pulled down SIN3A,
the methylated peptide did not (Fig. 3C). Thus, the short
(14 amino acids) peptide that encompasses the RUNX1
methylation site contains the minimal region that can
be recognized by the SIN3A complex.

To confirm that the in vivo association of endogenous
RUNX1 and SIN3A is regulated by arginine methylation
in leukemia cells, we treated HEL cells with 1 mM MTA
(for 15 h). MTA treatment abrogates arginine methyla-
tion of RUNX1 (Fig. 3B, bottom; Supplemental Fig. S4A)

Figure 3. PRMT1 regulates the association be-
tween RUNX1 and SIN3A by methylating RUNX1
at R206 and R210. (A) The association of SIN3A
with wild-type RUNX1 but not the R206KR210K
mutant is reciprocally affected by increasing or de-
creasing the level of PRMT1. Furthermore, PRMT1
enzymatic activity is required to decrease the asso-
ciation of RUNX1 with SIN3A. Anti-Flag antibody-
coated agarose was used to immunoprecipitate Flag-
tagged RUNX1 proteins from HeLa cells overex-
pressing wild-type or mutant forms of RUNX1 with
wild-type PRMT1 (lanes 3,8), enzymatic dead
PRMT1 (EQ) (lanes 4,9), or shRNA directed against
PRMT1 (lanes 5,10). Equal loading in all lanes is
shown by the SIN3A IB (in the top panel), the ex-
pression of RUNX1 protein is shown in the “IB:
Flag” panel, the amount of RTAMR-methylated
RUNX1 protein is shown in the “IB: methyl-
RUNX1” panel, the level of PRMT1 in the anti-Flag
immunoprecipitate is shown in the “IB: PRMT1”
panel, the level of overexpressed PRMT1 in the anti-
Flag immunoprecipitate is shown in the “IB: HA”
panel, and the amount of SIN3A in the anti-Flag
immunoprecipitate is shown in the bottom “IB:
SIN3A” panel. (B) The methylation inhibitor MTA
was added to HEL cells for 15 h, as indicated. More
SIN3A is bound to Flag-RUNX1c (wild type) when
MTA is present (cf. lanes 2 and 3 in A). (C) An argi-
nine-methylated RUNX1 peptide does not pull
down the SIN3A complex, whereas the unmethyl-
ated RUNX1 peptide does. (Lane 1, input) Ten per-
cent nuclear extract, used for the peptide pulldown
assay. Peptide-bound proteins were washed with 60
mM NaCl (lanes 2,3) or 100 mM NaCl (lanes 4,5).
SIN3A protein is detected by an anti-SIN3A anti-
body. (D) In contrast, the association between
SIN3A and the R206K R210K RUNX1 mutant protein (shown as KK in this figure) is not altered by MTA treatment. HEL cells
expressing wild-type or mutant Flag-tagged RUNX1 were subjected to immunoprecipitation using an anti-SIN3A monoclonal anti-
body. The immunoprecipitated proteins were detected by anti-SIN3A and anti-Flag antibodies. (E) PRMT1 is primarily responsible for
regulating the association of RUNX1 with SIN3A. Knocking down the level of PRMT1 by shRNA in a stably transfected HEL cell line
increases the binding of RUNX1 with SIN3A. Input (lane 1) contains 10% of the amount of HEL cell extract used for the immuno-
precipitation studies, whereas lanes 2 and 3 contain empty vector stably transduced and PRMT1-directed shRNA stably transduced
cells, respectively. The immunoprecipitation was done using an anti-RUNX1 antibody; the coimmunoprecipitated protein was de-
tected using the anti-SIN3A monoclonal antibody G11.
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and enhances the in vivo association of SIN3A with
wild-type RUNX1, without changing the levels of SIN3A
(Fig. 3B), RUNX1, or PRMT1 (Supplemental Fig. S6A).
We also generated stable cell lines expressing Flag-tagged
wild-type or mutant (R206K and R210K) RUNX1 protein
and immunoprecipitated SIN3A in the presence and ab-
sence of MTA. MTA treatment increases the amount of
wild-type RUNX1 that coimmunoprecipitates with
SIN3A, but not the amount of R206K/R210K mutant
RUNX1 protein (Fig. 3D). We also checked the associa-
tion of RUNX1 and SIN3A in HEL cells with reduced
PRMT1 expression. The association of RUNX1 with
SIN3A is clearly enhanced by the shRNA directed
against PRMT1 (Fig. 3E). Thus, we conclude that the
methyltransferase activity of PRMT1 regulates the asso-
ciation of SIN3A with RUNX1 through the R206 and
R210 sites.

The R206K and R210K RUNX1 arginine mutant
proteins do not activate transcription efficiently nor
cooperate with PRMT1

We mutated the arginine residues at positions R206 and
R210 of RUNX1 to lysines, preserving their charge and
best mimicking the side chain of arginine when it is not
methylated, and then examined the transactivating prop-
erties of the mutant proteins. Despite being expressed
similarly to the wild-type RUNX1 protein in HeLa cells
(see Fig. 2D), all three RUNX1 mutants (R206K, R210K,
and R206K/R210K) were less transcriptionally active on
the IL-3 promoter (Fig. 4A, blue bars). Furthermore,
while the activity of the wild-type RUNX1 protein and
the R210K mutant was enhanced by coexpression of
PRMT1 (Fig. 4A, red bars), neither the R206K mutant nor
the double mutant R206K/R210K protein was more ac-
tive when PRMT1was overexpressed. (The R206 site is
the predominant site methylated by PRMT1 in vitro, and
while the sequential order of methylation at these sites
cannot be addressed by our experiments, perhaps R206 is
the site that is first methylated in vivo, triggering partial
dissociation of the SIN3A complex.)

The SIN3A complex recruits histone deacetylases
(HDACs) to aid in gene repression and silencing, so to
test whether the persistent interaction of the SIN3A
complex with the R-to-K RUNX1 mutants is responsible
for their reduced transcriptional activity, we examined
whether the HDAC inhibitor trichostatin A (TSA) could
rescue the transcriptional regulatory activity of the mu-
tant proteins. In the presence of 100 ng/mL TSA, the
mutants activated transcription of the IL-3 promoter
plasmid to the same degree as wild-type RUNX1 (Fig.
4B). Thus, these mutants are not transcriptionally
“dead,” although they may have lost the ability to shed
corepressors and HDACs (or to recruit coactivators).
Given its effects on the global level of histone acetyla-
tion, TSA did increase IL-3 promoter activity in the ab-
sence of RUNX1 or PRMT1 expression, as expected (data
not shown).

Interaction of RUNX1–ETO with SIN3A is
methylation-insensitive

It is known that ETO, the translocation partner of
RUNX1 in the t(8;21), interacts with SIN3A (Gelmetti et
al. 1998; Wang et al. 1998). After confirming this inter-
action (Fig. 4C), we examined whether it is also regulated

Figure 4. The in vivo association of RUNX1 with SIN3A (and
presumably HDACs) regulates its transcriptional activity in
HEL cells. (A) RUNX1 R-to-K mutants weakly activate the IL-3
promoter in HeLa cells compared with wild-type RUNX1, and
the KK and R206K mutant forms do not respond to PRMT1
expression. The transfections were performed in the presence
(in red) or absence (in blue) of PRMT1. (B) The addition of TSA
restores transactivating properties to the RUNX1 R-to-K mu-
tants on the IL-3 promoter. (C) The addition of MTA does not
change the amount of SIN3A bound to ETO. Lanes 1 and 2 both
contain HEL cell proteins immunoprecipitated with an anti-
ETO antibody. (D) The addition of MTA for 12 h to Kasumi-1
cells enhances the binding of SIN3A to RUNX1, but has no
effect on SIN3A binding to RUNX1–ETO. (Lanes 3,4) Following
immunoprecipitation of SIN3A using an anti-SIN3A monoclo-
nal antibody, the coimmunoprecipitated RUNX1 and RUNX1–
ETO proteins were detected using an anti-RUNX1 antibody in a
Western blot assay. (Lanes 5,6) Normal mouse IgG is used as the
control.
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by methylation. We did not find methylation-dependent
regulation, as the anti-ETO antibody pulls down as
much SIN3A from MTA-treated HEL cell extracts as
from untreated HEL cell extracts. This led us to examine
Kasumi-1 cells, a t(8;21) positive AML cell line that con-
tains the RUNX1–ETO protein, RUNX1, and the
RTAMR-methylated form of RUNX1 (Supplemental Fig.
S4C). RUNX1–ETO lacks the RTAMR region (as shown
in Supplemental Fig. S1) but contains nearly all of the
ETO amino acid residues, and it functions as a potent
repressor of RUNX1 function (Frank et al. 1995; Meyers
et al. 1995; Yergeau et al. 1997). As predicted, MTA treat-
ment of Kasumi-1 cells did not affect the amount of
RUNX1–ETO associated with SIN3A, even though the
amount of RUNX1 associated with SIN3A was increased
several-fold (Fig. 4D, cf. lanes 3 and 4). Thus, the dy-
namic interaction between RUNX1 and SIN3A, which is
regulated by arginine methylation at its C terminus (in
the RTAMR site), is lost in the RUNX1–ETO fusion pro-
tein.

PRMT1 and RUNX1 regulate transcription
of the CD41 gene in primary human CD34-positive
hematopoietic cells

CD41 is an early marker of definitive hematopoiesis
(Emambokus and Frampton 2003); it is also expressed in

megakaryocytic cells and in primitive, multipotent pro-
genitor cells (Mikkola et al. 2003). The CD41 promoter
has been reported to be regulated by RUNX1 (Elagib et al.
2003), which we confirmed (Supplemental Fig. S2). We
also determined that PRMT1 functions as a dose-depen-
dent coactivator for RUNX1 on this promoter, using
both PRMT1 overexpression and shRNA driven PRMT1
knockdown (data not shown). We find that CD41 is, in-
deed, a “PRMT1-sensitive” RUNX1 target gene, as ex-
pression of the CD41 endogenous gene is lowered 30%–
50% in both primary human CD34+ cord blood cells (Fig.
5B) and in HEL cells (Fig. 5A) by reducing RUNX1 levels
or PRMT1 (but not PRMT5) levels in the cell (as detected
by real-time PCR) (Fig. 5A,B; Supplemental Fig. S5A).
Furthermore, treating HEL cells with MTA significantly
down-regulates CD41 expression (Supplemental Fig.
S5B) without changing PRMT1 or RUNX1 levels, further
implicating an endogenous methyltransferase activity
(primarily PRMT1) in the in vivo regulation of CD41
gene expression by RUNX1.

Manipulation of PRMT1 levels by shRNA allows
RUNX1 to repress CD41 gene expression

We used the RUNX1 RTAMR methyl-arginine-specific
antibody in a chromatin immunoprecipitation (ChIP) as-

Figure 5. Expression of CD41, a direct target gene of RUNX1, is regulated by RUNX1 and PRMT1 in primary cells. (A) Knocking
down RUNX1 or PRMT1 levels (but not PRMT5 levels) using shRNA reduces CD41 expression in HEL cells, as shown by real-time
PCR. The ability of the PRMT5- and RUNX1-directed shRNAs to lower the level of PRMT5 and RUNX1 protein is shown on the right.
(B) CD41 expression is reduced in CD34+ cord blood cells grown in early cytokine mix by knocking down RUNX1 or PRMT1 using
shRNA-expressing retroviral vectors.
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say to determine whether methylated RUNX1 is located
on CD41 promoter sequences. RUNX1 and PRMT1 are
found on the active CD41 promoter (and not on the up-
stream CD41 gene sequence), as is the RTAMR-methyl-
ated RUNX1 protein (see Fig. 6B, lane 11). Thus, the
RTAMR arginine-methylated form of RUNX1 is found
on an actively transcribed RUNX1-regulated target gene.

Theoretically, RUNX1 could function as a repressor of
CD41 expression (by more strongly binding SIN3A) if
PRMT1 levels were reduced. We examined this in HEL
cells that we engineered to stably express shRNA against
PRMT1 (these cells were also used in Fig. 5A). While
RUNX1 modestly increased the endogenous level of
CD41 expression in wild-type HEL cells (likely due to
the high endogenous level of RUNX1), it decreased
CD41 expression in the PRMT1 knockdown HEL cells
(Fig. 6C, right panel). Examining the proteins bound to
the CD41 promoter by ChIP analysis under these condi-
tions showed that PRMT1 was no longer detected on the
CD41 promoter in the knockdown cells; and although
RUNX1 was detected on the CD41 promoter, arginine-
methylated RUNX1 was not. However, SIN3A was now
detected on the CD41 promoter (Fig. 6D). While not
quantitative, these ChIP results are consistent with the
role of PRMT1 in promoting RTAMR methylation of
RUNX1, leading to its dissociation from SIN3A.

RUNX1 methylation is regulated
during hematopoietic cell differentiation

To determine if RUNX1 arginine methylation varies
during normal hematopoietic cell differentiation, we
first examined the levels of RUNX1-, PRMT1-, and
RTAMR-methylated RUNX1 protein in human CD34+

cord blood cells grown for 4 d in one of four different
cytokine cocktails (that either promote myeloid, ery-
throid, or megakaryocytic differentiation or that allow
for retention of stem cell features [“early” cytokine
mix]). PRMT1 is not detectable, and methyl RUNX1 is
barely detectable in the cells grown in “early” mix, even
though RUNX1 itself is present (Fig. 7A). With myeloid
differentiation, RUNX1 increases, PRMT1 becomes de-
tectable, and methyl RUNX1 protein is prominently
seen. This coincides with the induction of PU.1 gene
expression, an ETS protein that plays a key role in mac-
rophage and B-cell development (Scott et al. 1994). In the
erythroid mix, although PRMT1 is present, neither
RUNX1 (nor, of course, methyl RUNX1) is detectable un-
der these conditions, and PU.1 is not expressed (Fig. 7C).

Recently, PU.1 has been shown to be directly regu-
lated by RUNX1 (Huang et al. 2008). We confirmed that
PU.1 expression level is down-regulated in cells grown
under myeloid culture conditions by knocking down

Figure 6. Assessment of transcriptional regulators
bound to the CD41 promoter. (A) A schematic diagram
of the CD41 promoter is shown, indicating the up-
stream (U) and downstream (D) regions. (B) RUNX1
(lanes 8,9), PRMT1 (lanes 13,14), and methyl RUNX1
(lanes 10,11) are sitting on the actively transcribed
CD41 promoter (∼70 bp upstream of the start site) in
HEL cells, but not on an ∼5-kb upstream region of the
gene (which we use as a control for the ChIP). An anti-
Pol II antibody (lanes 4,5) served as a positive control
and normal IgG (lanes 6,7) served as a negative control
for the PCR reactions. Lanes 1 and 12 show the 50-bp
DNA sizing ladder. Input lanes contain 0.01% of geno-
mic input DNA. The PCR products were resolved using
a 20% 1× TBE PAGE gel. (C) Comparison of the effects
of overexpressing RUNX1 in HEL cells that stably ex-
press shPRMT1 (right panel) versus the parental HEL
cells (left panel). RUNX1 slightly increases CD41
expression in HEL cells, but it reduces CD41 expression
in cells with low PRMT1 levels. (D) ChIP assays show
that in the shPRMT1-expressing HEL cells, overexpres-
sion of RUNX1 leads to the recruitment of SIN3A to
the CD41 promoter (lane 15) but not PRMT1 or methyl-
RUNX1 (lanes 11,13). (Lane 6) Pol II is present (and
possibly stalled) on the CD41 promoter. Lane 9 is the
DNA sizing ladder.

Arginine methylation of Runx1

GENES & DEVELOPMENT 647



RUNX1 and PRMT1, respectively (Fig. 7B). Thus
RUNX1 and PRMT1 also cooperate to regulate gene ex-
pression in primary cells. This implies that RUNX1 re-
pressor function could be more prominent in the absence

of PRMT1 in early stem/progenitor cells, while the in-
duction of PRMT1 during myeloid commitment might
promote its activity functions; proving this theory would
require much additional experimentation.

Figure 7. Regulation of RUNX1, PRMT1, and methyl RUNX1 levels during differentiation of human CD34+ cells in liquid culture.
(A) Runx1 is arginine-methylated by PRMT1 during myeloid differentiation. CD34+ cells isolated from human cord blood cells were
cultured under three different cytokine conditions: early (progenitor maintaining) mix, promyeloid differentiation mix, or proerythroid
differentiation mix. PRMT1 protein is up-regulated under promyeloid and proerythroid differentiation conditions, RUNX1 and PU.1
protein are up-regulated with promyeloid differentiation mix and RUNX1 and PU.1 protein are both down-regulated in the proery-
throid mix. (B) PU.1 expression is down-regulated in CD34+ cells grown in promyeloid mix following the reduction of RUNX1 or
PRMT1 levels. (C) Real-time PCR results for the level of PRMT1, RUNX1, and PU.1 mRNA expression. (E) Early mix; (pro-Meg)
megakaryocytic promoting mix; (pro-Ery) erythroid-promoting mix; (pro-Mye) myeloid-promoting mix. PU.1 expression is down-
regulated in the pro-Ery and pro-Meg mix. RUNX1 is down-regulated in the pro-Ery mix. Both are up-regulated in the pro-Mye mix.
(D) ChIP assays show that cells with higher PU.1 expression (grown in promyeloid mix) have both PRMT1 and methylated RUNX1
bound to the PU.1 promoter region and the URE. Only PRMT1 is bound to a region 5 kb upstream of the PU.1 transcriptional start
site. (E) ChIP assays show that in the pro-Meg mix, SIN3A and RUNX1, but not PRMT1 or methyl RUNX1, are found on the URE.
This accompanies the marked drop in PU.1 expression seen in these cells. Input lanes contain 0.01% and 0.05% of input genomic DNA
used in panels D and E.
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To accurately assess the importance of PRMT1 and
RUNX1 in the regulation of the PU.1 gene in primary
cells, we used Western blot analysis, ChIP studies, and
quantitative PCR. The expression of PU.1 mRNA is sig-
nificantly higher in cells grown in the promyeloid cyto-
kine mix than in the “early” mix (Fig. 7C), and RUNX1,
PRMT1, and methylated RUNX1 are readily detected on
the PU.1 promoter region (which has a consensus RUNX1-
binding site at base pair −620) as well as on the PU.1 up-
stream response element (URE) region (located 16 kb up-
stream of the promoter) (Fig. 7D). SIN3A is not present on
the PU.1 promoter and is barely detectable on the PU.1
URE. We do detect PRMT1 on a region 5 kb upstream of
the PU.1 transcription start site (that lacks an RUNX1-
binding site), suggesting that PRMT1 may play a broader role
in organizing chromatin structure independent of RUNX1.

When the cells differentiate along the erythroid or
megakaryocytic lineage, reduced PU.1 expression is seen
(Fig. 7C). Neither methyl RUNX1 or PRMT1 is detect-
able on the PU.1 promoter under the pro-Mega culture
conditions (Fig. 7E). While RUNX1 and SIN3A can still
be found on the URE, neither is found on the PU.1 pro-
moter. Clearly, the lineage-specific occupancy of
RUNX1 target gene promoters by PRMT1 is consistent
with its proposed role as a positive regulator of RUNX1
transactivating function.

Discussion

Protein arginine methylation by PRMTs positively or nega-
tively regulates protein–protein interactions, thereby regu-
lating a variety of cellular processes that impact on gene
transcription (Bedford and Richard 2005). We now show
that PRMT1 is an important modulator of RUNX1-induc-
ible gene expression, regulating the interaction of RUNX1
with the SIN3A corepressor complex, and functioning as a
coactivator for RUNX1 (an effect that requires its methyl-
transferase activity). RUNX1 plays a critical role in the
development of definitive hematopoiesis during fetal life
(Okuda et al. 1996) and it regulates adult hematopoiesis as
well. It is altered in acute myeloid and lymphoid leuke-
mias by mutations, deletions, and translocations.

PRMT1 methylates arginine residues within several
regions of RUNX1, including two arginine methylation
sites at the C terminus of RUNX1 (R206 and R210) that
we first identified using proteomic analysis. These meth-
ylation sites lack the “GRG” PRMT consensus methyl-
ation sequence (Gary and Clarke 1998). However, many
proteins (e.g., PGC-1 and Stat-1) appear to be arginine-
methylated by PRMT1 through nonconsensus sites (Mo-
wen et al. 2001; Teyssier et al. 2005), and mass spectrom-
etry data indicate that proteins contain many more
methyl-arginine sites than predicted based on consensus
arginine methylation sequences (Ong et al. 2004). We
generated a methyl-arginine-specific anti-RUNX1 anti-
body that recognizes the asymmetrically dimethylated
R206 and R210 residues in RUNX1 and show that these
residues are methylated in vivo and that R206/R210-
methylated RUNX1 protein binds target gene promoter
sequences using ChIP assays. By modulating the level of

PRMT1 in cells, using shRNA or overexpression, we
show that PRMT1 regulates the level of arginine-meth-
ylated RUNX1 in the cell, and on two RUNX1 target
gene promoters, CD41 and PU.1.

The effect of methylation of both arginines within the
RTAMR region of RUNX1 is disruption of the interac-
tion between RUNX1 and SIN3A. The binding of
PRMT1 by RUNX1 does not physically displace SIN3A,
as loss of SIN3A binding requires that the RTAMR motif
in RUNX1 be methylated. Furthermore, mutating the
arginine residues in the RTAMR region of RUNX1 to
lysines eliminates the methylation-dependent dynamic
nature of the RUNX1–SIN3A interaction. The PAH3 do-
main of SIN3A has been shown to interact with the re-
gion of RUNX1 that contains the RTAMR residues (Lut-
terbach et al. 2000); these interactions are quite hydro-
philic. While PRMT1 can bind RUNX1 in this region, it
binds other regions of RUNX1 as well, providing another
reason why we did not detect competition between
PRMT1 and SIN3A for binding to RUNX1. The physical
interaction between RUNX1 and PRMT1 is not affected
by methylation in this region, which would allow
RUNX1 to recruit PRMT1 to chromatin, where it can
further promote transcriptional activation by methylat-
ing Arg 3 on H4 (an activating mark for transcription)
(Wang et al. 2001; Huang et al. 2005), thereby providing
a better substrate for histone acetylation by p300, and
subsequently for CARM1- mediated histone H3 arginine
methylation (An et al. 2004).

The SIN3A complex functions as a corepressor by re-
cruiting HDACs. Thus, although the R206 and R210 mu-
tant forms of RUNX1 bind SIN3A in the presence of high
levels of PRMT1, HDAC inhibitors (like TSA) increase
transactivation by the R206 and R210 RUNX1 mutants
to the wild-type RUNX1 level. This suggests that the in-
ability of the R-to-K RUNX1 mutants to shed the SIN3A
corepressor complex accounts for their low transcriptional
activating properties. We find fine-tuning of the activating
function of RUNX1 by arginine methylation and provide
some evidence that the repressor properties of RUNX1
could be regulated by PRMTs. However, the ability of
RUNX1 to repress CD41 expression in cells where PRMT1
is knocked down only implies that arginine methylation of
RUNX1 can regulate this switch.

PRMT1 and methyl RUNX1 levels appear to be simi-
larly regulated during hematopoietic cell differentiation.
It may be that some target genes are activatable by un-
methylated RUNX1, but expression of a target gene like
PU.1 may require binding of (RTAMR) methylated
RUNX1 to its promoter (and URE) sequences in order to
be fully expressed. We showed that PRMT1-dependent
methylation can regulate the binding of SIN3A to a
RUNX1 target gene promoter; whether this is solely due
to effects on RUNX1 or could also relate to effects on
other PRMT1 target proteins, cannot be easily deter-
mined. The effects of RUNX1 on PU.1 expression clearly
differs depending on cell type (Huang et al. 2008). How-
ever, the pattern seen in the human cells mimics that
seen during mouse cell differentiation. For instance,
PU.1 levels decrease as RUNX1 increases during mega-
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karyocytic cell differentiation in the mouse, and loss of
RUNX1 in this circumstance leads to PU.1 up-regulation
(Huang et al. 2008). We also find that PU.1 is repressed
during the megakaryocytic differentiation of human
cells and also find down-regulation of PRMT1. Under
these circumstances, we find RUNX1 associated with
the SIN3 complex on the PU.1 URE region. Thus,
RUNX1 seems to participate in a URE repressor complex
involved in repressing PU.1 gene expression, even
though it may not be the sole transcription factor in-
volved. While PRMT1 expression is regulated during the
process of hematopoietic cell differentiation, the signal-
ing that controls PRMT1 expression is not known. Con-
trol of PRMT activity is another level of regulation that
also appears to be regulated, as NGF, IFN-�, LPS, and
T-cell activation have all been shown to increase the
level of protein arginine methylation in the cell (Mowen
et al. 2004; Bedford and Richard 2005).

We examined whether knockdown of RUNX1 or
PRMT1 alters the colony-forming ability of human
CD34+ cells in methylcellulose cultures. The numbers
of CFU-GM, BFU-E, and CFU-GEMM were not altered
by 60%–70% knockdown of RUNX1 (data not shown).
Thus it may not be surprising that PRMT1 knockdown
also did not affect CFU numbers. Given the need for
evaluating methylation at the RTAMR site under cir-
cumstances in which RUNX1 activity is required (e.g.,
fetal liver hematopoiesis), studies of the ability of the
KTAMK mutant to rescue RUNX1 function in the
mouse will be undertaken.

RUNX1 is fused to ETO (a component of several
corepressor complexes) by the t(8;21) that occurs in the
FAB, M2 subtype of AML. The RUNX1–ETO fusion
protein lacks the RUNX1 RTAMR sequence that dynami-
cally interacts with the repressor complex SIN3A. Further-
more, the interaction of ETO with the SIN3A complex is
constant despite varying levels of PRMT1 protein. Using
Kasumi-1 cells, we showed that binding of SIN3A to
RUNX1, but not to RUNX1–ETO, is altered when (argi-
nine) methylation is blocked using MTA. The presence of
ETO and the absence of RTAMR likely account for the
inability of PRMT1-related arginine methylation to alter
SIN3A binding to RUNX1–ETO. Thus, RUNX1–ETO can
serve as a more persistent repressor for at least some of its
target genes. Losing responsiveness to PRMT1-mediated
signals may contribute more broadly to leukemogenesis as
many leukemia-associated fusion transcription factors in-
teract more tightly with corepressor complexes than their
wild-type counterparts.

Our results suggest that manipulating the level of
PRMT1 activity could alter the balance between
RUNX1–ETO and RUNX1 protein activity; such a strat-
egy may favorably impact on the behavior of RUNX1–
ETO-positive acute leukemia.

Materials and methods

Plasmids for expression of RUNX1 truncation and mutant
proteins

A Flag tag and a 6-histidine tag were added to the N terminus
and C terminus of the RUNX1c cDNA using PCR. The result-

ing cDNA was subcloned into the CMV promoter-driven
pCDNA3 vector (Invitrogen) for use in transient transfection
assays and for the preparation of in vitro translated protein. The
site-specific RUNX1 mutant proteins, with R206 and R210 mu-
tated to K individually or together, were prepared using PCR-
based, oligonucleotide-directed mutagenesis.

The RUNX1 C-terminal truncation fragments were either
generated using PCR, attaching BglII and XhoI restriction sites
on the 5� and 3� ends, respectively, for subcloning into a GST
Escherichia coli expression vector, pGEX-6p (Amersham), or
were reported previously (Mao et al. 1999). The IL-3 promoter-
driven reporter gene construct contains 5�-flanking sequences
extending from 315 base pairs (bp) upstream of the start site to
position +37, in the pGL3 basic vector (Uchida et al. 1997). The
CD41 promoter-driven reporter gene construct was kindly pro-
vided by Dr. Adam Goldfarb (Elagib et al. 2003). The PRMT1
wild-type and mutant plasmids have been described (Strahl et
al. 2001; Zhang and Cheng 2003).

Antibody generation

We generated a rabbit, anti-N-terminal RUNX1 polyclonal an-
tibody using a peptide containing amino acids 2–17 from
RUNX1b. We also generated a methyl-arginine-specific anti-
RUNX1 antibody by immunizing rabbits with the C-terminal
synthetic peptide (CLEQLRR [asymmetric-methylated] TAMR
[asymmetric-methylated] VSPH) conjugated to KLH. The poly-
clonal antiserum was collected and purified using a peptide af-
finity column. The affinity of the antibody against the methyl-
arginine RUNX1 was measured by ELISA and by dot blot assays
(Sarma et al. 2004). For the dot blot assays, we spotted 5 pmol of
peptide (measured by Ellman’s reagent) onto a nitrocellulose
membrane. The control peptides were as follows: diasymmetric
R210 peptide, CLRRTAMR (asymmetric methyl) VSPHH;
methyl R142 Runt peptide, CRSGR (asymmetric methyl) GKSF;
Runt peptide, CRSGRGKSF; H4 R3 methyl peptide SGR (asym-
metric methyl) GKQGGKARAKAKTRSC.

Coimmunoprecipitation assays

Transiently transfected HEL cells, Kasumi-1 cells,and HeLa
cells, were spun down at 200g for 10 min at 4°C, washed, and
then resuspended at 4 × 107 cells per milliliter in EBC lysis
buffer (20 mM Tris HCl at pH 8.0, 120 mM NaCl, 0.5% NP-40,
0.5% Empigen [Calbiotech, #324690], 10 mM NaF, 0.2 mM
NaVO4,10 mM �-glycerophosphate) with freshly added DTT (1
mM), DNase I (1 µg/mL) (Worthington), and a proteinase inhibi-
tor cocktail (Roche). The cells were incubated for 30 min on ice
with sonication for 1 min at 20% amplitude with 10 sec on and
10 sec off. The supernatant was then collected after the mix was
spun at 16,000g for 30 min. We mixed 200 µL of cell extract (∼2
mg), 800 µL of D100 buffer (20 mM HEPES at pH 7.9, 100 mM
KCl, 0.2 mM EDTA, 0.5 mM PMSF, 20% glycerol) and ∼40 µL
of anti-RUNX1 antibody cross-linked beads or anti-Flag agarose
beads (Sigma) in the presence of both ethidium bromide (50
µg/mL) and RNase A (1 µg/mL). The reaction proceeded for 1–2
h at 4°C, then the beads were extensively washed and the
RUNX1 protein was eluted using either the RUNX1 peptide or
a Flag peptide at a final concentration of 0.5 mg/mL for 10 min
at room temperature. Coimmunoprecipitation with other anti-
bodies was done similarly, except that the beads were resus-
pended in SDS-PAGE sample buffer directly.

ChIP assays

HEL cells were maintained in RPMI medium supplemented
with 5% fetal bovine serum (FBS) and 2 mM glutamine. Ap-
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proximately 4 × 106 cells were used per ChIP reaction (per an-
tibody), after cross-linking with 1% formaldehyde for 10 min at
room temperature. ChIP was performed using the ChIP Assay
Kit (UBI) according to a previously reported methodology (Zhao
et al. 2001). The primer sequences used to amplify regions in the
human CD41 promoter (GenBank accession no.: AC007722)
containing the −69 RUNX1-binding sites are 5�-TCAGCCAT
GAGCATCCACCCTCTG-3� (forward) and 5�-TCCACAACC
TCCCAGGCAGGAATG-3� (reverse). A region ∼5 kb upstream
of the CD41 transcription start site, which is devoid of RUNX1-
binding sites, served as a control for each PCR. This region was
amplified with the following primers: 5�-GGTGTGGAATTT
CTGGCTTTGAAT-3� (forward) and 5�- CTCTGTAACAATT
AGGCCATATTTCCTT-3� (reverse). For the PCR control reac-
tions, 0.01% and 0.05% DNA inputs were used. The amplified
DNA was analyzed after 35 cycles.

The ChIP primers for the human PU.1 promoter are as fol-
lows: 5�URE forward, GCACACATGCTTCCTGTGGTGACT;
5� URE reverse, CCACGTGCCCTGACTCCCCTCCTAGC;
proximal promoter forward, CTGGTCAGCAGGAAATTGGT;
proximal promoter reverse, GGGAACTGGGCAGTTGTTTA;
5-kb upstream region forward, ATCTGTTCACATGGGCT
TCC; 5-kb upstream region reverse, TGGTGGATAGGCA
AGAAAGG.

Peptide pull-down assays

Methylated and nonmethylated peptides (used for antibody de-
velopment) were synthesized, quantified, and conjugated to Sul-
foLink agarose (Pierce). For each pull-down reaction, 100 mg of
nuclear extract were used with 10 µg of peptide-bound beads (50
µL) in D100 buffer plus 50 µg/mL ethidium bromide. After ro-
tating overnight at 4°C, the beads were washed five times with
100 mM NaCl, 20 mM Tris (pH 8.0), and 1 mM DTT, plus
protease inhibitors. The bound protein was then eluted with 1×
SDS sample buffer and analyzed on 4%–12% NUPAGE gels.

CD34+ cell culture assays

CD34+ cells were isolated as reported (Mulloy et al. 2003) and
cultured in one of four cytokine mixes. The cytokine mix used
to maintain stem/progenitor cell status contained 20 ng/mL
SCF, 20 ng/mL IL-6, 10 ng/mL FLT3 ligand, and 20 ng/mL TPO.
The cytokine mix used to promote myeloid cell differentiation
contained SCF (20 ng/mL), 10 ng/mL FLT3 ligand, 20 ng/mL
IL-3, 20 ng/mL IL-6, 20 ng/mL G-SCF, and 20 ng/mL GM-CSF.
The cytokine mix used to stimulate erythroid cell differentia-
tion contained CSF (20 ng/mL) and EPO (6 µg/mL). The cyto-
kine mix used to stimulate megakaryocytic cell differentiation
contained 20 ng/mL SCF, 20 ng/mL TPO, and 50 ng/mL IL-11.

Generation of retroviral vectors, antibody reagents,
and transient transfection of cell lines; GST pull-down
assays; in vivo and in vitro arginine methylation assays;
mapping of methylation sites; and real-time PCR assays

See the Supplemental Material.
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