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Although HOXB6 and other HOX genes have previ-
ously been associated with hematopoiesis and leuke-
mias, the precise mechanism of action of their protein
products remains unclear. Here we use a biological
model in which HOXB6 represses a- and y-globin mRNA
levels to perform a structure/function analysis for this
homeodomain protein. HOXB6 protein represses globin
transcript levels in stably transfected K562 cells in a
DNA-binding dependent fashion. However, the capacity
to form cooperative DNA-binding complexes with the
PBX co-factor protein is not required for HOXB6 biolog-
ical activity. Neither the conserved extreme N-terminal
region, a polyglutamic acid region at the protein C ter-
minus, nor the Ser?'* CKII phosphorylation site was
required for DNA binding or activity in this model. We
have previously reported that HOX proteins can inhibit
CREB-binding protein (CBP)-histone acetyltransferase-
mediated potentiation of reporter gene transcription.
We now show that endogenous CBP is co-precipitated
with exogenous HOXB6 from nuclear and cytoplasmic
compartments of transfected K562 cells. Furthermore,
endogenous CBP co-precipitates with endogenous
HOXB6 in day 14.5 murine fetal liver cells during active
globin gene expression in this tissue. The CBP interac-
tion motif was localized to the homeodomain but does
not require the highly conserved helix 3. Our data sug-
gest that the homeodomain contains most or all of the
important structures required for HOXB6 activity in
blood cells.

The HOX homeodomain (HD)! proteins function as master
regulators of the body plan (1). In addition, HOX genes are
expressed in blood cells in lineage-specific patterns (2, 3), and
HOX proteins are important in the growth and differentiation
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of normal bone marrow cells and in leukemias (4). We cloned
two alternatively spliced HOXB6 cDNAs from HEL cells, a
human leukemic cell line with erythroid/myeloid bipotential
differentiation capacity (3, 5). In a previous study, enforced
expression of one of these cDNAs that encoded a 224-amino
acid, HD-containing HOXB6 protein repressed the erythroid
phenotype in human leukemic cells, as reflected by the loss of
a-, B-, and y-globin gene expression; loss of erythroid surface
markers; and down-regulation of heme synthesis (6). However,
it has proven difficult to describe a precise biochemical mech-
anism of action to account for these effects. Similarly, despite
genetic studies showing that HOX genes influence the expres-
sion of downstream targets, the efforts of numerous investiga-
tors have yielded few mechanistic details to explain the action
of HOX proteins.

Although they are thought to function as transcription fac-
tors, most full-length HOX proteins, including HOXB6, bind
only weakly by themselves to DNA targets containing a TAAT
sequence (7-9). Several laboratories demonstrated that HOX
proteins exhibited weak activation or repression on reporter
genes containing either TAAT multimers (reviewed in Ref. 10)
or HOX gene auto-regulatory elements containing TAAT se-
quences (11, 12). However, in our own studies, HOXB6 and
other HOX proteins did not produce changes in transient re-
porter gene assays using either synthetic TAAT multimers or
putative gene regulatory regions (13). We and others demon-
strated that HOX proteins gain both DNA binding avidity (9)
and site specificity by forming DNA-binding complexes with
the PBX HD proteins (reviewed in Ref. 14). For the HOX
proteins from paralog groups 1-8, binding as heterodimers
with PBX was far stronger than binding as monomers to TAAT
sites (9, 15). Transgenic reporter studies demonstrated the
importance of consensus PBX-HOX sites within auto- or cross-
regulatory regions of HOX genes (16, 17). However, except for
the auto-regulatory sites, few mammalian gene targets have
been identified that contain PBX-HOX sites, and no direct gene
targets of any type have been reported for HOXB6. Indeed,
reports that other HOX proteins activate important genes,
including p21 (18), B-fibroblast growth factor (19), the proges-
terone receptor (20), and p53 (21) all relied on computerized
identification of TAAT sequences as putative binding sites.
Biochemical and genetic evidence suggests that the Drosophila
DFD protein (HOXB4 homolog) directly activates the apoptosis
protein reaper (22). However, the putative DFD-binding sites
do not contain PBX/EXD consensus motif, adding further con-
fusion regarding whether PBX-HOX sequences are the biolog-
ically relevant regulatory binding sites. These studies, showing
HOX proteins as activators, contrast to a large body of data
suggesting that these proteins function as genetic repressors
(8, 23, 24). It has been proposed that HOX proteins function
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alone as repressors and are converted to activators by forming
cooperative DNA-binding complexes with PBX/EXD (25). Thus,
despite the efforts of many laboratories, little progress has been
made in defining biologic targets and the biochemical mecha-
nism of action of the HOX proteins.

The CBP/p300 proteins have been a focus of interest because
they appear to link transcription factors to chromatin remod-
eling mechanisms, thus facilitating eukaryotic gene transcrip-
tion (26, 27). CBP/p300 are thought to increase general tran-
scription via their histone acetyltransferase (HAT) activity (26,
27). One model is that CBP/p300 function by mediating the
acetylation of histones within the nucleosome core, thereby
reducing DNA interactions and facilitating and/or stabilizing
steric changes that permit increased access of the general tran-
scriptional machinery to target genes (28). An alternative
mechanism by which CBP-HAT may regulate transcription is
through the direct acetylation of transcription factors, thus
modulating their activity. The GATA1 transcription factor
plays a critical role in red cell development (29). CBP interacts
with the GATA1 protein and is required for red cell differenti-
ation (30). Consistent with the second model, CBP directly
acetylates the GATA1 protein, which increases its transcrip-
tional activity (31, 32). In addition, a recent study suggested
that the Pu.1 protein blocks erythroid differentiation by block-
ing the CBP-HAT-catalyzed acetylation of GATA1 and other
proteins (33).

We previously demonstrated that HOXB6 and other HOX
proteins bind to CBP/p300 and inhibit their HAT activity (13).
HOXB6 blocked CBP-HAT-dependent, transient in vivo re-
porter gene transcriptional activity. Conversely, CBP pre-
vented DNA binding by HOXB6 and other HOX proteins. To
gain insights into the mechanism of action of HOXB6, we have
performed a structure/function analysis, using a modified ver-
sion of our previously described system, in which the biological
activity of HOXB6 can be readily observed as readout. In ad-
dition, our data on CBP-HOX protein interactions stimulated
us to explore the importance of HOXB6-CBP interactions in
this model system.

MATERIALS AND METHODS

Establishment of HOXB6-expressing Cell Lines—A full-length hu-
man HOXB6 ¢cDNA (5), engineered to encode a full-length protein fused
to an N-terminal FLAG epitope, was cloned into a bicistronic murine
stem cell virus retroviral vector in which an internal ribosomal entry
site allows GFP expression (gift from K. Humphries). Standard tech-
niques were used with the ExSite mutagenesis kit (Stratagene) to
produce a series of mutant HOXB6 proteins. These included proteins in
which asparagine 196 was changed to alanine (N196A) to disrupt DNA
binding. Tryptophan 130 was changed to glycine (W130G) to disrupt
PBX interactions. Serine 214 was changed to glutamic acid (S214E) or
to alanine (S214A) to mimic a constitutively phosphorylated molecule or
one incapable of phosphorylation on Ser?!*. A set of deletion mutants
were constructed in which ANterm is missing the first 12 amino acids;
ACterm is missing 9 amino acids; and A119, A127, and A134 are missing
amino acids 1-119, 1-127, and 1-134, respectively. AHD is missing
amino acids 135-224, whereas HDAhelix 3 represents a protein extend-
ing from 135-224 but missing amino acids 187—-203. The correct muta-
tions were confirmed by DNA sequencing. Each of the mutant proteins
was checked by expression as a T7 epitope-tagged fusion protein in the
TNT system (Promega). Viral supernatants prepared in 293T cells using
helper plasmids (34) were used to infect K562 cells in two rounds of
spinoculation. The cells were sorted for GFP expression and expanded
to produce lines. Most experiments were performed within a 20-day
period after sorting when HOX protein levels were relatively high. A
few experiments were performed using cells in which exogenous
HOXB6 expression levels were similar to those of the endogenous
protein.

Immunochemistry Studies—Immunoblotting, immunohistochemical
localization, co-immunoprecipitation, and Western blotting were all
performed following standard procedures with appropriate secondary
antibodies as outlined (35). Antisera used for chromatin IP were: rabbit
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a-acetyl lysine histone 3 (Upstate Biotechnology Inc.), murine a-FLAG
(Sigma), and rabbit a-HOXB6 against the N-terminal 128 amino acids
(antiserum 1), as described previously (36). Antibodies used for HOXB6
immunoprecipitation were either the «-HOXB6 antiserum 1 or a mix-
ture of two rabbit antisera (antiserum 2) against peptides RKSD-
CAQDKSVFGET and ESKLLSASQLSAEE, respectively. These pep-
tides are from regions of the HOXB6 protein N- and C-terminal to the
HD, which are conserved between human and mouse. Antibody 1 was
also used for Western blotting and for immunohistochemistry experi-
ments in combination with the TSA Cy3 amplification kit (704A;
PerkinElmer Life Sciences). For immunohistochemical staining,
a-HOXB6 antiserum 1 or a third antibody to HOXB6 (antiserum 3)
(S20, Santa Cruz) was used. All three antisera to HOXB6 were shown
to recognize the full-length protein by Western blotting and immu-
noprecipitation of in vitro translated protein (data not shown). Mouse
a-T7 (Novagen) was used for immunoprecipitation of in vitro trans-
lated T7 epitope-tagged HOXB6 associated with DNA. Rabbit a-CBP
(A-22, Santa Cruz) was used for immunoprecipitation, Western blot-
ting, and histochemical detection, whereas a murine a-CBP (C-1;
Santa Cruz) was used to confirm CBP co-precipitation with HOXB6
by Western blotting. Goat a-tubulin (C20) was used to confirm pro-
tein loading.

Determination of Globin mRNA Levels—Sixteen separate transfec-
tion experiments were performed for the HOXB6-GFP and the corre-
sponding MIG control vector (Supplemental Tables I and II). Supple-
mental Tables IIT and IV show experiments in which the different
mutant HOXB6 proteins were studied in addition to the parental
HOXB6 and the MIG control vector. Following FACS separation of
GFP+ cells, total RNA was isolated from each population using an
RNAeasy kit (Qiagen) and quantitated by A,4,. Approximately 15 ug of
RNA from each cell pool was analyzed for human a-globin and y-globin
on separate Northern gels, using specific cDNA probes as previously
described (6). For each experiment all of the samples to be compared
were run on a single gel and Northern blotted, and the resulting filters
were probed for either a-globin or y-globin. Filters were stripped and
reprobed for human B-actin to allow correction for loading differences.
The blots were scanned using a Lacie Silver Scanner, and the bands
were quantitated using National Institutes of Health Image software.
The ratios of the y-globin or a-globin signals to the actin signal, in the
HOXB6-transfected cells and in the MIG vector-transfected control
cells, are shown in Supplemental Tables I and II. The globin/actin
signals vary between experiments because of efficiency of probe label-
ing, autoradiography times, and film development conditions. To better
compare data between experiments, the globin/actin ratio for the MIG
control in each experiment was arbitrarily set to 1.0 (see Supplemental
Tables IIT and IV). The other globin/actin ratios within each experiment
were then normalized to its MIG control. Changes in globin gene levels
for each of the mutant HOXB6 proteins relative to the wild type HOXB6
protein were then compared using the mean values shown in Supple-
mental Tables III and IV.

Analysis of heme synthesis, EMSA analysis, CBP interaction studies,
and phosphorylation of HOXB6 protein were performed as described (6,
9, 13, 37). HOXB6 proteins were measured by fractionating 15 ug of
total cell extract by PAGE, followed by Western blotting with a-FLAG
sera, hybridization with goat a-mouse IgG, and subsequent develop-
ment for 30 min with ECL Plus (Amersham Biosciences).

RESULTS

A Cell Model for Analyzing HOXB6 Activity in K562 Cells—
The purpose of the current study was to perform a structure/
function analysis of the HOXBG6 protein using a convenient cell
culture model as a readout. Previously studies employed a
replicon-based transfection assay that utilized a long drug se-
lection protocol to show that HOXB6 down-regulated erythroid
markers when expressed in erythroid cell lines (6). In the
current study we utilized a bicistronic murine stem cell virus-
derived retroviral vector coupled with FACS sorting of GFP-
positive cells to rapidly obtain K562 lines expressing exogenous
HOXB6 protein without prolonged drug selection (Fig. 1A).
Using this protocol it is likely that multiple different viral
integration sites are present in each pool of FACS-sorted cells.
Endogenous HOXB6 mRNA expression can be detected in K562
cells (3), but Western blotting revealed only weak signals for
endogenous HOXB6 protein in vector-infected controls (not
shown). In contrast, HOXB6 or a HOXB6 DNA-binding mutant



HOXB6 Represses Globin mRNA

A MIG - HOXB6 retroviral expression vector
LTR ]| Flag-Hox8s [ IREsHEcFr}—>

<
g i
.58 = F 2
B s2 8588 C (5, £
g X X §X X (8)
$ 00800 & T
| - - - - - Eg‘ ?
HOX Proteins sl - ﬂ‘ ; 'Ha
roiobin MeelBee |

a-globin M . A .

actin b et A 4 A8

39897

HOXB6-N196A + PBX

. lysate control

v globin mRNA #% &
o globin mMRNA % - SN

HOXB6 mRNA

=
@
o
*
©o
o
x
o
I

actin mRNA S

HOXB6 protein

tubulin protein . e v

Positive Colonies

% Benzidine

= ©
S
o X
® 0
il -

g
z
&
B
E:

Fic. 1. HOXB6 down-regulates globin mRNA levels in a DNA binding-dependent manner. A, MIG-HOXB6 expression vector. IRES,
internal ribosomal-binding protein; EGFP, enhanced green fluorescent protein. B, HOXB6 down-regulates y- and a-globin mRNAs, but a
DNA-binding mutant (HOXB6-N196A) protein does not. Globin mRNAs were measured by Northern analysis, and the HOX proteins were
measured by Western blotting. The mean values for 16 separate transfection experiments for y- and 15 experiments for a-globin expression in MIG
and HOXB6-transfected cells are reported in Table I. C, HOXB6-expressing cells lose red color, reflecting low globin. D, HOXB6 down-regulates
heme synthesis (benzidine staining). E, low HOXB6 expressing clone exhibits reduction in globin mRNA. F, EMSA showing HOXB6-N196A mutant
protein cannot form DNA-binding complexes with PBX. LTR, long terminal repeat.

(HOXB6-N196A) protein was readily detected in representa-
tive stably transduced cell lines (Fig. 1B). The relative levels of
the HOX proteins varied to some degree between infections,
possibly reflecting differences in viral integration sites within
chromatin. A qualitative estimate of the relative HOXB6
protein expression for the 16 separate transfection experi-
ments is shown in Supplemental Table I. For most of the
different infection experiments, the levels of HOXB6 protein
were lower than or approximately equal to those detected for
the HOXB6-N196A or other HOXB6 mutant proteins (Figs. 1,
3, and 4 and data not shown).

HOXB6 Represses Globin mRNA Levels—We first confirmed
our earlier findings that the HOXB6 protein repressed globin
mRNA levels. HOXB6 overexpression resulted in a statistically
significant (p < 0.0001) 3—4-fold decrease in both y- and
a-gamma globin gene expression (Fig. 1B and Table I). North-
ern gel analysis showed that although there was variation in
the absolute degree of globin mRNA repression among the 16
experiments (ranging from 1.6- to 50-fold for y-globin and 1.7-
to 12.5-fold for a-globin, respectively), there was a decrease
in both transcripts for each experiment (see Supplemental
Tables I-IV). The repression of globin mRNA levels roughly
paralleled the estimated HOXB6 protein levels in the 16
experiments.

The production of mature hemoglobin, consisting of globin
protein chains and the heme group, is a defining feature of
terminal erythroid differentiation. K562 cells have been shown
to express low levels of hemoglobin, reflecting their myeloid/
erythroid progenitor bipotential phenotype (38). Cells in which
HOXB6 was expressed were markedly white compared with
the red parental K562 cells containing a control vector (Fig.
10). To further characterize HOXB6-induced differentiation
changes, we measured heme production using benzidine
staining of colonies grown in soft agar, as performed previ-
ously (6). There was a marked decrease in heme synthesis in
the HOXB6-expressing cells (Fig. 1D). One possible explana-
tion for low globin synthesis was that high levels of HOXB6
were squelching general transcription. Although the rela-
tively uniform actin expression argued against this phenom-
enon, we repeated the globin analysis on cells in which
HOXB6 expression was estimated to be less than 5-fold ele-

TABLE I
Down-regulation of a- and y-globin mRNA levels by HOXB6 proteins

HOXB6 construct N a-Globin® N v-Globin*
MIG control 15 1.0 16 1.0
HOXB6 15 0.28 + 0.18° 16 0.37 = 0.28°
HOXB6-N196A 5 1.04 = 0.35° 5 0.83 £ 0.17¢
HOXB6-W130G 5 0.25 = 0.19¢ 5 0.26 + 0.15¢
HOXB6-S214A 3 0.31 = 0.12¢ 5 0.43 + 0.28%
HOXB6-S214E 3 0.42 + 0.24¢ 3 0.32 + 0.09¢
HOXB6-ANterm 3 0.40 = 0.05¢ 3 0.48 + 0.19¢
HOXB6-ACterm 2 0.32 = 07 2 0.55 = 0.04¢

¢ The relative expression values shown are the means and standard
deviation of globin mRNA levels normalized to actin to control for
mRNA loading and then normalized to the MIG control, run in parallel
for each experiment, which was set to 1.0. Raw MIG vesus HOXB6
globin/actin ratios are reported in Supplemental Tables I and II, and
data for each experiment, normalized to MIG are shown in Supplemen-
tal Tables III and IV.

®p < 0.0001, compared to MIG control.

¢ Not satistically different from MIG control.

< Not statistically different from the HOXB6 value.

vated over the low endogenous levels. In these cells, a- and
v-globin expression was still reduced, albeit to a lesser extent
than observed in cells in which higher levels of HOXB6
protein were detected (Fig. 1E).

DNA Binding Is Required for HOXB6 Activity—In a previous
study HOXB6 did not display robust transcriptional activity on
a range of reporter genes in transient assays (13). To test
whether DNA binding is a prerequisite for HOXB6 activity in
the K562 cell system, we first designed a mutant that lacked
DNA binding capability. In HOX proteins, the absolutely con-
served Asn at position 51, within the 60-amino acid HD directly
interacts with an adenine base in the x-ray crystal structure of
the HD bound to an oligonucleotide target (39). We have pre-
viously shown that mutation of the corresponding asparagine
in HOXB4 renders the protein incapable of binding DNA (40).
In the HOXB6-N196A mutant protein this asparagine was
changed to alanine. Because HOXB6 binds only weakly to DNA
in the absence of PBX (see below), we used an oligonucleotide
containing a PBX-HOX-binding site in the presence of PBX (41)
to demonstrate that the N196A protein does not bind to DNA
under the conditions of the EMSA (Fig. 1F). Despite being



39898
PBX
interaction
domain
conserved
HOXB6 n.
CONSTRUCT  \terminus vorhe
HOXB6 0
HOXB6-N196A
HOXB6-W130G

HOXB6-ANterm
HOXB6-ACterm

HOXB6-S214A

HOXB6-S214E

HOXB6 Represses Globin mRNA

ﬂgl:t(a:mlc afld Biological

[~ -terminus a5 .

saeeeeekqag) DNA activity in  CBP

binding K562 cells binding
+ + +
- - +
+/_* + nt
+ + nt
+ + nt
+ + nt
S214E

+ + nt

FiG. 2. Summary of HOXB6 mutant protein activity. Mutant HOXB6 proteins were tested in three systems: 1) capacity to form DNA-binding
complexes in EMSASs; 2) biological activity when expressed in K562 cells; and 3) capacity to bind to CBP-HAT as measured by co-IP. All of the HOX
proteins were expressed as N-terminal FLAG epitope fusion proteins. *, cooperative DNA binding with PBX is abolished. nt, not tested.

expressed at 2—5-fold higher levels than wild type protein, the
N196A mutant HOXB6 protein exhibited only minimal or no
repression of the y- or a-gamma globin gene expression levels
(p < 0.001 for both y- or a-gamma globin versus HOXB6 and
not significant versus MIG control) or heme synthesis, respec-
tively (Fig. 1, B and D, and Table I). The activities of the
HOXB6-N196A and subsequent mutant HOXB6 proteins for
DNA binding, inhibition of globin expression, and CBP binding
(see below) are summarized in Fig. 2.

HOXB6 Does Not Require PBX Interaction for Globin Repres-
sion—Although the HD has long been defined as a DNA-bind-
ing domain, we have previously noted that full-length HOXB6
does not avidly bind DNA (see below) (9). We and others dem-
onstrated that HOXB6 and other HOX proteins from paralog
groups 1-10 gain both DNA binding avidity and specificity
through forming cooperative DNA-binding complexes with the
PBX proteins (9, 41-46). We thus next investigated the re-
quirement for PBX interaction for HOXB6 activity in the K562
cell model. The HOXB6-W130G protein was made, in which the
conserved tryptophan within the critical YPWM that comprises
the PBX interaction motif (PIM), which is required for PBX
interaction, was mutated to glycine. We have previously shown
that mutation of this tryptophan prevents HOXB4 from form-
ing cooperative DNA-binding complexes (9). The mutant
HOXB6-W130G protein did not form a cooperative DNA-bind-
ing complex with PBX1a (Fig. 3A). When the HOXB6-W130G
mutant was tested in the K562 cell system, it repressed both a-
and 7y-globin mRNA levels to a similar degree as wild type
HOXB6 protein (Fig. 3B and Table I). The HOXB6-W130G
transfected cells were also white, further indicating that the
mutant protein had globin repressing activity (data not shown).

Conserved Regions Outside the HD Are Not Required for
HOXB6 Activity—The HOX HD protein family is defined on the
basis of relatively high sequence homology within the HD and
conservation with the ancestral Antennapedia HD (47). Com-
parison of the 39 HOX proteins shows that with the exception
of the HD and the PIM, the only relatively conserved region is
the extreme N terminus consisting of the first 10—12 amino
acids. This region was removed in the HOXB6-ANterm mutant
protein. This protein displayed wild type DNA binding and
biological activity in K562 cells (Fig. 4 and Table I). The only
other remarkable structural feature within the HOXB6 se-
quence is a stretch of polyglutamic acids at the extreme C
terminus, a domain that is shared with other HOX6 paralog
proteins and the HOXB5 protein. A HOXB6-ACterm protein

that lacks the polyglutamic acid region exhibited full biological
activity in the K562 cell assay and DNA binding by EMSA (Fig.
4 and Table I). Both of these HOXB6 deletion mutants were
also white, indicating a loss of mature hemoglobin synthesis.
Because none of the regions outside the HD affected HOXB6
activity, a mutant HOXB6 protein consisting of only the HD
and short N- and C-terminal flanking regions (HOXB6A134)
was constructed to test for biological activity in K562 cells.
However, although this polypeptide was stable when synthe-
sized in the TNT system, the FLAG epitope fused HD protein
could not be detected in transfected K562 cells, despite the
presence of the corresponding mRNA, suggesting that the trun-
cated HOXB6-HD protein was unstable. In an attempt to pro-
duce a stabilized HD polypeptide, the YPWM PIM interaction
motif (HOXB6-A127) or the YPWM plus nine additional N-
terminal amino acids were fused to the HD (HOXB6-A119).
However, neither of these proteins could be detected by West-
ern blotting following transfection into K562 cells, despite the
presence of the respective mRNAs.

The HOXB6 Protein Is Phosphorylated by Several Kinases,
but Phosphorylation Does Not Alter DNA Binding—Phospho-
rylation of HOXB6 has been described previously (48). These
authors identified a major CKII phosphorylation site at Ser®!4,
which is located in the short C-terminal tail between the HD
and the polyglutamic acid region, and also reported that PKA
was capable of phosphorylating the protein. We were able to
confirm CKII and PKA phosphorylation of bacterially ex-
pressed HOXB6 (Fig. 5A). To test the importance of the known
CKII phosphorylation site, a mutant HOXB6 protein in which
Ser?!* was changed to alanine to make a protein incapable of
phosphorylation (HOXB6-S214A) was tested in the K562 cell
assay. HOXB6-S214A showed full activity in repressing globin
gene expression (Fig. 4A and Table I). In a similar manner,
HOXB6-S214E, in which Ser?'* was changed to glutamic acid
to make a protein that models constitutive phosphorylation,
was also active in the K562 cell assay (Fig. 4A and Table I). The
finding that neither amino acid substitution at Ser?!* altered
activity was consistent with the observation that both mutant
HOXB6 proteins bound DNA (Fig. 4B) and that CKII treatment
of HOXB6 did not alter DNA binding in EMSAs (Fig. 5B). In
addition to phosphorylation by CKII and PKA, we detected
very strong labeling of HOXB6 by PKC and lower amounts of
phosphorylation by CKI (Fig. 5A). These kinases were not
examined in the previous analysis of HOXB6 phosphorylation
(48). Although PKC appeared to be the most active kinase
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proteins

toward HOXB6, among those tested, none of these enzymes
modified HOXB6 in a manner that altered DNA binding
(Fig. 5B).

Modification of Ser’* Does Not Alter HOXB6 Subcellular
Distribution—HOXB6 was predominantly localized to the cy-
toplasm in epidermal keratinocytes (36). Western blotting of
retrovirally transfected K562 cells showed that ~75% of the
HOXB6 or HOXB6-N196A protein was localized to the cyto-
plasm (Fig. 6A). These data were confirmed using immunohis-
tochemical localization. Two different antisera to HOXB6
detected the majority of immunoreactive material in the cy-
toplasm in HOXB6 transfected cells (Fig. 6B). Endogenous
HOXB6 protein was also predominantly cytoplasmic by this
assay. Because HOX proteins are thought to function as
nuclear transcription factors and because phosphorylation by
CKII as well as other kinases has been reported to regulate
nuclear localization, we asked whether the previously iden-
tified CKII phosphorylation might regulate HOXB6 cytoplas-
mic/nuclear translocation. Salt fractionation was used to ex-

amine the subcellular distribution of the Ser?!* mutant

proteins. Both the S214A and S214E proteins were detected
in the same predominantly cytoplasmic distribution as wild
type HOXB6 (Fig. 6C), suggesting that CKII-mediated phos-
phorylation of Ser?'* does not change HOXB6 localization in
the cell.

HOXB6 Blocks CBP-HAT Activity and CBP Blocks HOXB6
DNA Binding—We have previously reported that CBP binds to
a large number of HOX proteins, including HOXB6 (13). As
part of these studies, we showed that the HOXB6 protein could
block CBP-HAT-mediated activation of a reporter gene in tran-
sient transfection studies and that this repression required the
HOXB6 HD. To extend these studies to the K562 cell model, we
first asked whether the HOXB6 protein could block in vitro
CBP-HAT activity using purified proteins. A GST fusion pro-
tein containing the CBP-HAT domain exhibited robust acety-
lation of histone H3 (Fig. 7A). A HOXB6-maltose-binding pro-
tein fusion blocked HAT activity, whereas the maltose-binding
protein control did not (Fig. 7A). To confirm and extend our
previous data showing that binding to CBP prevented DNA
binding, two different assays were utilized. EMSA was used to
show that a full-length FLAG epitope-tagged CBP protein com-
petitively reduced the capacity of HOXB6 to form DNA-binding
complexes. There was only a minimal effect of addition of CBP
on the cooperative DNA-binding complex with PBX (Fig. 7B,
upper band). We have previously noted that PBX appears to
stabilize HOX protein binding to DNA such that CBP poorly
competes these complexes (13). However, there was a profound
repressive effect on the capacity of HOXB6 alone to bind DNA
in the absence of PBX (Fig. 7B, lower band). Because the
capacity of CBP to block HOXB6-PBX binding to DNA as meas-
ured by EMSA was modest and the EMSA band for HOXB6
alone is weak, a DNA precipitation assay was developed to
further demonstrate the effect of CBP on HOXB6 DNA inter-
actions. In this assay, >?P-labeled DNA was incubated with a
T7 epitope-tagged HOXB6 protein with and without PBX co-
factor (Fig. 7C). An antibody to the T7 epitope was used to
precipitate the labeled DNA, indicating complex formation
with HOXB6 (lane 4) and stronger HOXB6 binding to DNA in
the presence of PBX (lane 2). The addition of a FLAG epitope-
tagged CBP-HAT protein greatly reduced the amount of DNA
brought down by either HOXB6 alone (lane 5) or together with
PBX (lane 3). Taken together, these assays demonstrate that
binding to CBP by the HOXB6 protein is not compatible with
DNA binding.

HOXB6 and CBP Are Co-immunoprecipitated from K562 and
Fetal Murine Liver Cells—Because HOXB6 can block CBP-
HAT activity, one possible mechanism for HOXB6 repression of
globin gene expression would be by blocking CBP-HAT-medi-
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Fic. 5. Phosphorylation of HOXB6 ;&;
does not alter DNA binding. A, several A PKA + B £
commercially available kinases phospho- Pé('g + % ®
. . -
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vitro. All of the phosphorylation experi- Calmodulin kinase + T o SR e
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that the relative levels of isotope incorpo- >
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ration reflect a combination of relative ki-
nase activity of the various preparations
and selectivity of the enzyme for HOXB6 97—
target sites. B, phosphorylation with
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these kinases does not alter DNA binding oy
measured by EMSA in the presence of
PBX1la. For each assay pair, the control 45—
lane was incubated under the buffer con-
ditions used for the respective phospho- HOXB6 —>
rylation assay. The intensity differences
in EMSA band ascribed to HOXB6 among
the untreated lanes (lanes 3, 4, 6, 8, and 30—
10) result from differences in the salt con-
centrations used for each of the kinase
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Fic. 6. HOXB6 is predominantly cytoplasmic in K562 cells. A, the majority of HOXB6 and HOXB5 proteins are cytoplasmic by subcellular
fractionation. Subcellular fractions of transfected K562 cells were analyzed by Western blotting using a FLAG antibody. The fraction of
immunoreactive protein in the nucleus, calculated by normalizing for a 3-fold cytoplasmic to nuclear extract volume ratio, is shown below the blot.
B, exogenous and endogenous HOXB6 protein is predominantly cytoplasmic by immunohistochemical analysis. Affinity purified antibodies against
HOXB6 protein are described under “Materials and Methods. ” The signals for endogenous HOXBS6 in the right-hand panel has been electronically
contrast enhanced to better visualize the weak signals that are predominantly cytoplasmic. C, the S214E mutant HOXB6 protein, designed to
mimic constitutive phosphorylation, does not exhibit an altered nuclear localization. Western blotting of nuclear and cytoplasmic fractions showed
similar distribution of wild type HOXB6, HOXB6-N196A, and HOXB6-S214E.

)

o flag-CBP I - - C
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MBP-HOXB6 + 55 5 5 HOXES T7tag-HOXB6 + + + + +
MBP-control + >a  otPBXla PBX1 - + +
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Fic. 7. CBP and HOXB6 inhibit each other’s activities. A, HOXB6 blocks CBP-HAT mediated acetylation of histone H3. A maltose-binding
protein-HOXB6 fusion protein blocked CBP-HAT activity, whereas the maltose-binding protein alone did not. B, CBP inhibits HOXB6-DNA
interactions as measured by EMSA. The addition of increasing amounts of a full-length CBP protein containing an N-terminal FLAG epitope fusion
competed away the EMSA complex formed by HOXB6 with PBX1a with an oligonucleotide containing a PBX-HOXB6 binding site. C, the CBP-HAT
domain inhibits HOXB6 binding to DNA by co-IP. A labeled oligonucleotide containing a PBX-HOXB6-binding site was preincubated in vitro with
HOXB6 and PBX1a (lanes 1-3) or with HOXB6 alone (lanes 4 and 5). DNA bound to HOXB6 was precipitated in the absence of CBP-HAT using
antisera to a T7 epitope fused to the HOXB6 protein (lanes 2 and 4). The addition of CBP-HAT protein reduced the binding of HOX protein
complexes to the labeled oligonucleotide (lanes 3 and 5).

ated acetylation. Given that HOXB6 and CBP functionally GST-CBP protein (Fig. 8A). To test whether the HOXB6 pro-
disrupt each other’s activity, we asked whether the two pro- tein was bound to CBP in vivo, co-immunoprecipitation exper-
teins are associated in vivo. We first established that 3°S- iments were performed on nuclear and cytoplasmic extracts
labeled HOXB6, synthesized in vitro, could be precipitated by from K562 cells transfected with HOXB6, HOXB6-N196A, or
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Fic. 8. HOXB6 binds CBP in vitro and in vivo, and the HD mediates the interaction. A, >*S-labeled HOXB6, synthesized in vitro, was
precipitated by purified GST-CBP-HAT domain but not by GST control protein. B, exogenous HOXB6 is co-precipitated by antisera to endogenous
CBP protein in vivo. C, endogenous CBP protein is co-precipitated with antisera to the FLAG epitope tag on exogenous HOXB6 in vivo. In these
experiments, detection of endogenous CBP was difficult because of the inefficient Western blot transfer of the very large CBP protein. Longer
exposures show full-length CBP in the HOXB6 nuclear fraction more clearly. A second antisera to CBP confirmed co-immunoprecipitated bands
by Western gel (not shown). D, endogenous CBP is precipitated by antisera against endogenous HOXB6 in 14-day fetal liver cells. The proteins were
precipitated from nuclear and cytoplasmic extracts using a mixture of two antisera against peptides from the HOXB6 sequence (antiserum 2; see
“Materials and Methods”) (lane 2) or control IgG (lane I). Following SDS gel resolution of the precipitated proteins and Western blotting, the blot
was cut in half, and proteins migrating above 55,000 kDa were probed with antisera to CBP, whereas the lower molecular mass protein portion
of the blot was probed with antisera (antiserum 1) to HOXB6. The arrow points to the band that co-migrates with HOXB6 protein expressed in
vitro from the cloned ¢cDNA (5). The cytoplasmic fraction yielded a similar but weaker set of co-precipitated CBP and HOXB6 immunoreactive
bands (not shown). E, the HD is required, but the N-terminal half of HOXBS6 is not required for CBP binding. Full-length HOXB6 and the HOXB6
HD (HOXB6-A127) co-precipitate CBP-HAT, but the N-terminal portion of HOXB6 lacking the HD (HOXB6-AHD) cannot bring down CBP-HAT.
35S-Labeled in vitro synthesized CBP-HAT was subjected to co-immunoprecipitation with HOXB6 polypeptides, using an antibody to the T7 epitope
tag fused to the HOXB6 proteins. F, the HOXB6 HD binds CBP, and conserved helix 3 is not required. 3*S-Labeled full-length HOXB6, the
FLAG-HD fragment, or a FLAG-HD polypeptide lacking helix 3 all were bound to immobilized GST-CBP-HAT domain, whereas minimal

background binding was observed for the GST control beads.

control vector. When antibodies to CBP were used to precipi-
tate the endogenous protein, immunoreactive FLAG-HOXB6
protein was detected by Western analysis of the co-precipitated
proteins in the nuclear fraction (Fig. 8B). Confirming these
interactions, when antisera directed against the FLAG epitope
tag fused to the HOX proteins was used for immunoprecipita-
tion, bands for immunoreactive endogenous CBP were detected
by Western blotting, using two different CBP antisera (Fig.
8C). In this experiment, co-precipitated bands of endogenous
immunoreactive CBP were detected in both the cytoplasm and
nuclear fractions, probably reflecting the large amount of
HOXBS6 localized to the cytoplasm. Because substantially more
HOXB6-N196A than HOXB6 was present in these extracts
(Fig. 1), the co-IP data suggest that both forms of HOXB6 bind
to CBP equally well.

To investigate the association of the endogenous HOXB6 and
CBP proteins, nuclear and cytoplasmic proteins were isolated
from 14-day fetal murine liver cells, as a relatively rich source
of HOXB6 protein. Previous studies have shown that the Hoxb6
gene is maximally expressed in the developing fetal liver, dur-
ing which time hematopoiesis is localized to this tissue (49). A
combination of antisera directed against peptides from the N-
and C-terminal regions, excluding the HD (antibody 2) was

used to precipitate HOXB6 protein from liver cell nuclear ex-
tracts. As shown in Fig. 8D, a strong immunoreactive band was
observed for the endogenous CBP protein co-precipitated by the
specific antisera to the HOXB6 protein but not by control IgG.
Two different antisera to the HOXB6 protein were used to
confirm its immunoprecipitation (Fig. 8D, bottom panel, and
data not shown).

HOXB6 Interacts with CBP through Helix 3 of the HD—We
next wished to define the region of HOXB6 that interacts with
CBP. Our previously published experiments showed that a
HOXBS6 protein lacking the HD was incapable of blocking in
vivo CBP-HAT-mediated gene transcription (13), suggesting
that the HD was required for binding. To confirm that the HD
was the site of HOXB6 interaction with CBP, we used FLAG-
tagged polypeptide fragments to pull down labeled CBP-HAT
protein (amino acids 1099-1877, containing the Cys, ZZ, and
TAZ zinc finger domains and the HAT domain (26)) in an in
vitro co-IP assay. In this assay, the HD exhibited robust bind-
ing (Fig. 8E, lane 2), whereas the full-length HOXB6 protein
also exhibited binding to CBP-HAT (lane I). In contrast, the
N-terminal 134 amino acids of HOXB6 lacking the HD did not
appear to bind to CBP-HAT (lane 3).

Because previous studies showed that all of the HOX pro-
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teins examined bound to CBP-HAT, we next asked whether
helix 3, the most highly conserved region among the HOX HDs,
was required for HOXB6 interaction with CBP-HAT. A HOXB6
mutant protein in which helix 3 of the HD was deleted was still
co-precipitated with the CBP-HAT protein (Fig. 8F), indicating
that the CBP-binding site in HOXB6 resides within the first
two-thirds of the HD. Taken together, these data appear to
explain why CBP-HAT binding is incompatible with DNA bind-
ing for the HOXB6 protein.

DISCUSSION

Among the 39 mammalian HOX proteins, the HD of HOXB6
shares the highest sequence identity to the canonical ANTP
HD (47). The fact that the ANTP protein was shown to be a
DNA-binding protein that altered transcriptional activity in
reporter gene assays (50) has long suggested that HOXB6 and
the other mammalian HOX proteins function as DNA-binding
transcription factors. However, despite intense interest in the
role of HOX proteins in a broad range of developmental and
disease processes, little is known about their precise biochem-
ical mechanism of action, either as transcriptional activators or
repressors. As a first step in determining the portions of the
molecule that contribute to function, we have performed a
structure/function analysis for the HOXB6 protein, utilizing a
biological readout of repression of globin expression in K562
cells. Given that the HOXB6 protein is expressed during skel-
etal formation, neurogenesis, and kidney development, as well
as in hematopoiesis, it is unclear whether results from any one
model can be generalized to other tissues. Our data demon-
strate that none of the features examined, including the con-
served N terminus, the polyglutamic acid C terminus, or the
PIM motif are required for HOXB6 activity. In addition, the
CKII site at Ser?!* was not required for HOXB6 activity in this
particular model system. A study of the ANTP protein sug-
gested that the HD is the major effector of the observed phe-
notype during a specific phase of Drosophila development but
that both the N- and C-terminal flanking regions potentiate the
effect of the HD (51). The dominance of the HD was further
illustrated in a series of studies in which various fly HD-
containing gene mutational effects on early development were
complemented or phenocopied by the mammalian homologs
HOXB6, HOXD4, and HOXB1, respectively (52-54), despite
the fact that there are no regions outside of the HD and PIM
domains that are conserved between the respective protein
pairs.

These data demonstrating a pre-eminent role for the HD
thus strongly support our finding that the HOXB6 HD is the
dominant motif in controlling the phenotypic change in our
model system. However, in contrast to the results for ANTP in
flies, no other region of HOXB6 was important for repression of
globin mRNA levels in transfected K562 cells. Our results
differ from those obtained for the other structure/function anal-
ysis performed on a mammalian HOX protein. Yaron et al. (55)
analyzed the HOXB7 protein, using the differentiation of 32D
hematopoietic cells as a readout. HOXB6 and HOXB7 share
several features, namely the PIM domain, a polyglutamic acid
C-terminal, a CKII site between the HD and polyglutamic acid
tail, in addition to a relatively poorly conserved extreme N-
terminal region. Although both studies found that DNA bind-
ing was required for activity, these authors found that for
HOXBY, the extreme N terminus and glutamate-rich C termi-
nus were important, as was the CKII site located C-terminal to
the HD. These authors also found that HOXB7 required PBX
interaction through the conserved YPWM PIM domain.

The PIM domain is not required for HOXB6 activity in our
blood cell differentiation model. The discovery of cooperative
HOX protein DNA binding with PBX/EXD proteins was antic-
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ipated to be a mechanism by which the HOX would gain spec-
ificity and thus explain the differential phenotypic output of
these proteins that bind alone to very similar sequences (56).
PBX interactions were reported to be important for HOXB1
and HOXB4 regulation of rhombomere development (16, 17)
and in a HOXB4-induced fibroblast transformation model (40).
In contrast, although a few studies in blood cells indicate an
important role for interaction with PBX (55, 57), most studies
in hematopoietic cells show HOX proteins functioning by PBX-
independent mechanisms. Thus, the immortalizing and the
transforming activities of HOXA9 have been reported to be
PBX-independent (58, 59). In addition to our current studies,
we have recently demonstrated that HOXB6-mediated immor-
talization of bone marrow progenitor cells occurs by a PBX-
independent pathway.? Removal of the PIM domain did not
change the stem cell expanding properties of HOXB4 (60).
Paradoxically, PBX may play a role in this system, because
RNAi-mediated PBX knockdown enhanced HOXB4-induced
stem cell expansion.

Our data suggest that the weak interactions of the HOXB6
protein with DNA in the absence of PBX are sufficient for
biological activity. Because we have shown that HOXB6 is
bound to CBP and that CBP binding is incompatible with
HOXB6 binding to DNA, we posit that weak DNA binding
facilitates increased localized concentration of HOXB6 protein
at specific target sites within chromatin. In this model, the
reversible weak DNA interactions would allow localized
HOXB6 to bind to and block the HAT activity of local CBP
molecules, leading to repression of CBP-mediated gene tran-
scription. The finding that the HOXB6 HD mediates binding to
CBP is consistent with our data showing that biological activity
requires this motif. Our proposed model for HOXB6 inhibition
of CBP-HAT activity would join a growing list of DNA-binding
proteins that block CBP/p300-HAT activity. The Pu.1 protein
appears to mediate erythroid differentiation by blocking CBP-
mediated acetylation of GATA1 (33), and the Twist transcrip-
tion factor has been shown to block p300-HAT activity (61).
Zhao et al. (62) recently proposed a mechanism for the early B
cell transcription factor that was similar to what we propose for
HOXBS6. These authors found that early B cell factor bound
CBP/p300 and blocked HAT activity but that such interaction
was incompatible with the DNA binding function of the protein.
Our data support a proposed model in which HOX proteins
function as repressors when binding weakly to TAAT sites and
function as transcriptional activators when binding more
tightly to DNA together with PBX proteins (25). Although we
show that CBP can compete a HOXB6-PBX EMSA complex, the
competition with HOXB6 alone appeared more efficient. Be-
cause simple TAAT sites occur frequently, our model is also
consistent with the report that two Drosophila non-HOX HD
proteins are detected by chromatin IP analysis to be bound at
numerous sites along the chromosomes (63).

Because HOX proteins are thought to function as transcrip-
tion factors, our current and previous (36, 64—66) findings that
much of the HOXB6 and other HOX proteins are cytoplasmic
has been somewhat perplexing. Active export of the non-HOX
HD protein, EN (Engrailed), from the nucleus has been re-
ported (67). A Leu/Ile-rich nuclear export signal spanning the
turn between helices 2 and 3 and part of helix 3 of the HD,
which was described for EN, is shared by HOXB6. EN nuclear
export appears to be regulated by CKII-mediated phosphoryl-
ation (68). Although HOXB6 contains a serine-rich region pre-
ceding the HD, this sequence does not contain a consensus
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CKII site, and HOXB6 is phosphorylated by CKII on Ser?!4,
which is C-terminal to the HD (48). We now show that phos-
phorylation of Ser?!* does not appear to alter the HOXB6
subcellular localization. Although the regulation of HOXB6
localization remains to be elucidated, our results showing
strong PKC activity and weaker CKI-mediated phosphoryla-
tion of HOXB6 suggest that PKC or CKI phosphorylation
events may alter HOXB6 subcellular distribution.

Previous data suggest a role for HOXB6 in the regulation of
red blood cell differentiation. Most data show HOXB6 gene
expression restricted to myeloid/erythroid leukemic cell lines
(3, 69-71) and primary acute myeloid leukemias (72, 73).
HOXB6 expression correlated with erythropoietin production
sites and erythropoiesis throughout murine fetal develop-
ment but was not detected in hematopoietic stem cell popu-
lations (49). Disruption of the HOXB6 gene resulted in a
selective increase in early murine bone marrow erythroid
progenitor cells (74), whereas treatment of adult human he-
matopoietic progenitor cells with an antisense HOXB6 oligo-
nucleotide results in selective decrease in granulomonocytic
(75) or myeloid and erythroid progenitor cells (76). Our data
present an apparent paradox in that HOXB6 appears to be a
marker of erythroid tissues and yet acts to block markers of
terminal erythroid differentiation. The complex series of in-
teractions that we observe between HOXB6, CBP, and DNA
suggest a speculative model for the molecular mechanisms
that underlie cellular commitment. In biologic terms, an un-
differentiated cell is considered to be committed if subse-
quent developmental events show that the cell can only dif-
ferentiate into one or only a few lineages. We propose that
cellular commitment is mediated by the “marking” of sets of
lineage-specific genes, such as globins, for future activation
in response to appropriate differentiation signals. HOXB6
may accomplish this by reversibly and competitively binding
cognate DNA-binding sites and CBP, thereby creating and
maintaining high local concentrations of CBP at specific
genomic sites and yet inhibiting CBP-enhanced activation of
these genes at the same time. In this model, the differentiation-
dependent decline of HOXB6 protein would alleviate the
HOXB6-mediated inhibition of CBP-HAT activity and permit
full gene activation as cells are induced to mature.

Acknowledgments—We thank Sheri Dorsam and Neal Fischbach for
reading the paper.

REFERENCES

. Krumlauf, R. (1994) Cell 78, 191-201
2. Kongsuwan, K., Webb, E., Housiaux, P., and Adams, J. M. (1988) EMBO J. 17,
2131-2138
3. Shen, W.-F., Largman, C., Lowney, P., Corral, J., Detmer, K., Hauser, C., A.,
Simonitch, T. A., Hack, F. M., and Lawrence, H. J. (1989) Proc. Natl. Acad.
Sci. U. S. A. 86, 8536—8540
4. Magli, M. C., Largman, C., and Lawrence, H. J. (1997) «J. Cell. Physiol. 173,
168-177
5. Shen, W. F., Detmer, K., Simonitch-Eason, T. S., Lawrence, H. J., and Larg-
man, C. (1991) Nucleic Acids Res. 19, 539-545
6. Shen, W.-F., Detmer, K., Mathews, C. H. E., Hack, F. M., Morgan, D. A,,
Largman, C., and Lawrence, H. J. (1992) EMBO J. 11, 983-989
. Catron, K. M., Iler, N., and Abate, C. (1993) Mol. Cell. Biol. 13, 2354—2365
. Schnabel, C., and Abate-Shen, C. (1996) Mol. Cell. Biol. 16, 26782688
. Shen, W.-F., Chang, C.-P., Rozenfeld, S., Sauvageau, G., Humphries, R. K., Lu,
M., Lawrence, H. J., Cleary, M. L., and Largman, C. (1996) Nucleic Acids
Res. 24, 898-906
10. Graba, Y., Aragnol, D., and Pradel, J. (1997) BioEssays 19, 379-388
11. Zappavigna, V., Renucci, A., Izpisua-Belmonte, J. C., Urier, G., Peschle, C.,
and Duboule, D. (1991) EMBO J. 10, 4177-4187
12. Popperl, H., and Featherstone, M. S. (1992) EMBO J. 11, 3673-3680
13. Shen, W.-F., Krishnan, K., Lawrence, H. J., and Largman, C. (2001) Mol. Cell.
Biol. 21, 7509-7522
14. Mann, R. S., and Affolter, M. (1998) Curr. Opin. Genet. Dev. 8, 423—429
15. Shen, W.-F., Rozenfeld, S., Lawrence, H. J., and Largman, C. (1997) «J. Biol.
Chem. 272, 8198—-8206
16. Popperl, H., Bienz, M., Studer, M., Chan, S.-K., Aparicio, S., Brenner, S.,
Mann, R. S., and Krumlauf, R. (1995) Cell 81, 1031-1042
17. Gould, A., Morrison, A., Sproat, G., White, R. A., and Krumlauf, R. (1997)

—

© 03

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

66.

39903

Genes Dev. 11, 900-913

Bromleigh, V. C., and Freedman, L. P. (2000) Genes Dev. 14, 2581-2586

Care, A., Silvani, A., Meccia, E., Mattia, G., Stoppacciaro, A., Parmiani, G.,
Peschle, C., and Colombo, M. P. (1996) Mol. Cell. Biol. 16, 4842—4851

Raman, V., Tamori, A., Vali, M., Zeller, K., Korz, D., and Sukumar, S. (2000)
J. Biol. Chem. 275, 26551-26555

Raman, V., Martensen, S. A., Reisman, D., Evron, E., Odenwald, W. F., Jaffee,
E., Marks, J., and Sukumar, S. (2000) Nature 405, 974978

Lohmann, I., McGinnis, N., Bodmer, M., and McGinnis, W. (2002) Cell 110,
457-466

Saleh, M., Rambaldi, I., Yang, X. J., and Featherstone, M. S. (2000) Mol. Cell.
Biol. 20, 8623—-8633

Eklund, E. A, Jalava, A., and Kakar, R. (2000) J. Biol. Chem. 275,
20117-20126

Pinsonneault, J., Florence, B., Vaessin, H., and McGinnis, W. (1997) EMBO J.
16, 2032-2042

Martinez-Balbas, M. A., Bannister, A. J., Martin, K., Haus-Seuffert, P., Meis-
terernst, M., and Kouzarides, T. (1998) EMBO J. 17, 2886-2893

Ogryzko, V. V., Schiltz, R. L., Russanova, V., Howard, B. H., and Nakatani, Y.
(1996) Cell 87, 953-959

Ito, T., Ikehara, T., Nakagawa, T., Kraus, W. L., and Muramatsu, M. (2000)
Genes Dev. 14, 1899-1907

Pevny, L., Simon, M. C., Robertson, E., Klein, W. H., Tsai, S. F., D’Agati, V.,
Orkin, S. H., and Costantini, F. (1991) Nature 349, 257-260

Blobel, G. A., Nakajima, T., Eckner, R., Montminy, M., and Orkin, S. H. (1998)
Proc. Natl. Acad. Sci. U. S. A. 95, 2061-2066

Boyes, dJ., Byfield, P., Nakatani, Y., and Ogryzko, V. (1998) Nature 396,
594-598

Hung, H. L., Lau, J., Kim, A. Y., Weiss, M. J., and Blobel, G. A. (1999) Mol.
Cell. Biol. 19, 3496-3505

Hong, W., Kim, A. Y., Ky, S., Rakowski, C., Seo, S. B., Chakravarti, D.,
Atchison, M., and Blobel, G. A. (2002) Mol. Cell. Biol. 22, 3729-3743

Pear, W. S., Nolan, G. P., Scott, M. L., and Baltimore, D. (1993) Proc. Natl.
Acad. Sci. U. S. A. 90, 8392—-8396

Coligan, J. E. (ed) (1998) Current Protocols in Immunology, John Wiley & Sons,
Inc., New York

Komiives, L. G., Shen, W.-F., Kwong, A., Stelnicki, E., Rozenfeld, S., Oda, Y.,
Blink, A., Krishnan, K., Lau, B., Mauro, T., and Largman, C. (2001) Dev.
Dyn. 218, 636-647

Vijapurkar, U., Fischbach, N., Shen, W.-F., Brandts, C., Stokoe, D., Lawrence,
H. J., and Largman, C. (2004) Mol. Cell. Biol. 24, 3827-3837

Hicks, D. G., Ohlsson-Wilhelm, B. M., Farley, B. A., Kosciolek, B. A., and
Rowley, P. T. (1985) Exp. Hematol. 13, 273-280

Kissinger, C. R., Liu, B., Martin-Blanco, E., Kornberg, T. B., and Pabo, C. O.
(1990) Cell 63, 579-590

Krosl, J., Baban, S., Krosl, G., Rozenfeld, S., Largman, C., and Sauvageau, G.
(1998) Oncogene 16, 3403-3412

Chang, C.-P., Brocchieri, L., Shen, W.-F., Largman, C., and Cleary, M. L.
(1996) Mol. Cell. Biol. 16, 1734-1745

Chang, C.-P., Shen, W.-F., Rozenfeld, S., Lawrence, H. J., Largman, C., and
Cleary, M. L. (1995) Genes Dev. 9, 663—674

Neuteboom, S. T. C., Peltenburg, L. T., van Dijk, M. A., and Murre, C. (1995)
Proc. Natl. Acad. Sci. U. S. A. 92, 9166-9170

van Djik, M. A, Peltenburg, L. T. C., and Murre, C. (1995) Mech. Dev. 52,
99-108

Lu, Q., Knoepfler, P. S., Scheele, J., Wright, D. D., and Kamps, M. P. (1995)
Mol. Cell. Biol. 15, 3786-3795

Phelan, M. L., Rambaldi, I., and Featherstone, M. S. (1995) Mol. Cell. Biol. 15,
3989-3997

Burglin, T. (1994) in Guidebook to the Homeobox Genes (Duboule, D., ed) pp.
25-T1, Oxford University Press, Oxford, UK

Fienberg, A. A., Nordstedt, C., Belting, H. G., Czernik, A. J., Nairn, A. C.,
Gandy, S., Greengard, P., and Ruddle, F. H. (1999) J. Exp. Zool. 285, 76—84

Zimmermann, F., and Rich, I. N. (1997) Blood 89, 2723-2735

Winslow, G. M., Hayashi, S., Krasnow, M., Hogness, D. S., and Scott, M. P.
(1989) Cell 57, 1017-1030

Gibson, G., Schier, A., LeMotte, P., and Gehring, W. J. (1990) Cell 62,
1087-1103

Malicki, J., Schughart, K., and McGinnis, W. (1990) Cell 63, 961-967

McGinnis, N., Kuziora, M. A., and McGinnis, W. (1990) Cell 63, 969-976

Lutz, B., Lu, H. C., Eichele, G., Miller, D., and Kaufman, T. C. (1996) Genes
Dev. 10, 176-184

Yaron, Y., McAdara, J. K., Lynch, M., Hughes, E., and Gasson, J. C. (2001)
J. Immunol. 166, 5058-5067

Mann, R. S. (1995) Bioessays 17, 855—-863

Schnabel, C. A., Jacobs, Y., and Cleary, M. L. (2000) Oncogene 19, 608—616

Calvo, K. R., Sykes, D. B., Pasillas, M., and Kamps, M. P. (2000) Mol. Cell. Biol.
20, 3274-3285

Kroon, E., Krosl, J., Thorsteinsdottir, U., Baban, S., Buchberg, A. M., and
Sauvageau, G. (1998) EMBO J. 17, 3714-3725

Krosl, J., Beslu, N., Mayotte, N., Humphries, R. K., and Sauvageau, G. (2003)
Immaunity 18, 561-571

Hamamori, Y., Sartorelli, V., Ogryzko, V., Puri, P. L., Wu, H. Y., Wang, J. Y.,
Nakatani, Y., and Kedes, L. (1999) Cell 96, 405-413

Zhao, F., McCarrick-Walmsley, R., Akerblad, P., Sigvardsson, M., and Kade-
sch, T. (2003) Mol. Cell. Biol. 23, 3837-3846

Walter, J., Dever, C. A., and Biggin, M. D. (1994) Genes Dev. 8, 1678—-1692

Komiives, L. G., Michael, E., Arbeit, J. M., Ma, X.-K., Kwong, A., Stelnicki, E.,
Rozenfeld, S., Morimune, M., Yu, Q.-C., and Largman, C. (2002) Dev. Dyn.
224, 58-68

Komiives, L. G., Ma, X.-K., Stelnicki, E., Rozenfeld, S., Oda, Y., and Largman,
C. (2003) Dev. Dyn. 2217, 192-202

Shen, W. F., Rozenfeld, S., Kwong, A., Komuves, L., Lawrence, H. J., and



39904

Largman, C. (1999) Mol. Cell. Biol. 19, 3051-3061

67. Maizel, A., Bensaude, O., Prochiantz, A., and Joliot, A. (1999) Development
126, 3183-3190

68. Maizel, A., Tassetto, M., Filhol, O., Cochet, C., Prochiantz, A., and Joliot, A.
(2002) Development 129, 3545-3553

69. Mathews, C. H. E., Detmer, K., Boncinelli, E., Lawrence, H. J., and Largman,
C. (1991) Blood 78, 22482252

70. Magli, M. C., Barba, P., Celetti, A., De Vita, G., Cillo, C., and Boncinelli, E.
(1991) Proc. Natl. Acad. Sci. U. S. A. 88, 6348—6352

71. Vieille-Grosjean, 1., Roullot, V., and Courtois, G. (1992) Biochem. Biophys. Res.

HOXB6 Represses Globin mRNA

Commun. 183, 1124-1130

72. Celetti, A., Barba, P., Cillo, C., Rotoli, B., Boncinelli, E., and Magli, M. C.
(1993) Int. J. Cancer 53, 237-244

73. Giampaolo, A., Felli, N., Diverio, D., Morsilli, O., Samoggia, P., Breccia, M., Lo
Coco, F., Peschle, C., and Testa, U. (2002) Leukemia 16, 1293-1301

74. Kappen, C. (2000) Am. J. Hematol. 65, 111-118

75. Giampaolo, A., Sterpetti, P., Bugacrini, D., Samoggia, P., Pelosi, P., Valtieri,
F., and Peschle, C. (1994) Blood 84, 3637-3647

76. Lawrence, H. J., Johnson, R. A., Perrine, S., and Largman, C. (1994) Ann. N. Y.
Acad. Sci. 718, 165-176



	HOXB6 Protein Is Bound to CREB-binding Protein and Represses Globin Expression in a DNA Binding-dependent, PBX Interaction-independent Process*
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	References


