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The Truncated Hoxa1 Protein Interacts With Hoxa1
and Pbx1 in Stem Cells
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ABSTRACT
Hox genes contain a homeobox encoding a 60-amino acid DNA binding sequence. The Hoxa1 gene (Hox1.6, ERA1) encodes two alternatively

spliced mRNAs that encode distinct proteins, one with the homeodomain (Hoxa1-993), and another protein lacking this domain (Hoxa1-399).

The functions of Hoxa1-399 are unknown. We detected Hoxa1-993 and Hoxa1-399 by immunoprecipitation using Hoxa1 antibodies. To

assess whether Hoxa1-399 functions in cellular differentiation, we analyzed Hoxb1, a Hoxa1 target gene. Hoxa1-993 and its cofactor, Pbx1,

bind to the Hoxb1 SOct-R3 promoter to transcriptionally activate a luciferase reporter. Results from F9 stem cells that stably express ectopic

Hoxa1-399 (the F9-399 line) show that Hoxa1-399 reduces this transcriptional activation. Gel shift assays demonstrate that Hoxa1-399

reduces Hoxa1-993/Pbx1 binding to the Hoxb1 SOct-R3 region. GST pull-down experiments suggest that Hoxa1-399, Hoxa1-993, and Pbx1

form a trimer. However, the F9-399 line exhibits no differences in RA-induced proliferation arrest or endogenous Hoxb1, Pbx1, Hoxa5,

Cyp26a1, GATA4, or Meis mRNA levels when compared to F9 wild-type. J. Cell. Biochem. 106: 427–443, 2009. � 2008 Wiley-Liss, Inc.
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H ox genes encode a group of evolutionarily conserved

transcription factors, originally identified in Drosophila

melanogaster [Lewis, 1978], that are transiently expressed and are

involved in establishing anterior to posterior pattern during

vertebrate development [McGinnis and Krumlauf, 1992]. Four

clusters of Hox genes exist in mouse and human, each cluster on a

different chromosome, with related genes falling into 13 paralogous

groups. Genes at the 30 ends of the Hox chromosome clusters have a

greater response to RA and are expressed in more anterior regions of

the developing embryo as compared to genes at the 50 ends, which

are less responsive to RA and are expressed in more posterior regions

[Simeone et al., 1990, 1991; Gudas, 1994; Langston and Gudas,

1994; Means and Gudas, 1995]. Hox genes characteristically encode

a 60-amino acid DNA-binding motif, the homeodomain, that allows

Hox proteins to bind the promoter regions of their target genes to

regulate their transcription [Langston and Gudas, 1994; Waskiewicz

et al., 2001].

RA transcriptionally activates the Hoxa1 gene, the most 30 gene of

the Hox A cluster, in F9 teratocarcinoma stem cells [LaRosa and

Gudas, 1988a]. The Hoxa1 gene encodes two alternatively spliced

mRNAs that can direct the synthesis of two distinct proteins; one

that contains the homeodomain (Hoxa1-993) and another truncated
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protein that lacks the DNA binding domain (Hoxa1-399). The

resulting proteins are identical for the first 114 amino acids but have

unique carboxy-termini [LaRosa and Gudas, 1988b]. The functions

of the smaller, truncated Hoxa1 protein, which lacks the home-

odomain, are not known and are the subject of the series of

experiments reported here.

The expression of a truncated Hox protein lacking a home-

odomain is not unique to Hoxa1. For example, alternatively spliced

transcripts resulting in truncated Hox proteins which lack a

homeodomain have been described for the murine Hoxa9, human

HOXA1, murine Hoxb6, human HOXB6, and Xenopus XlHbox2

[Wright et al., 1987; Shen et al., 1991; Hong et al., 1995; Fujimoto

et al., 1998]. The functions of these truncated Hox proteins that lack

the homeodomain have not been studied in depth.

Hox proteins achieve DNA sequence specificity by binding to

other DNA-binding proteins that act as cofactors to generate

heterodimers that bind cooperative sites on a DNA target [Knoepfler

et al., 1996]. Due to the increased size of the cooperative binding site,

cofactor binding increases the affinity and specificity of the Hox

protein binding to DNA [Chang et al., 1996; Shen et al., 1996]. These

cofactors include the PBC and Meis classes of Three-Amino Acid

Loop Extension (TALE) homeodomain proteins [Moens and Selleri,
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2006]. The PBC class is comprised of fly Extradenticle (Exd) and

vertebrate Pbx, whereas the Meis family is made up of fly

Homothorax (Hth) and vertebrate Meis and Prep [Moens and Selleri,

2006]. Hoxa1 has been shown to interact with Pbx1, a member of the

PBC class, via a tryptophan-containing pentapeptide motif found N-

terminal to the homeodomain. The protein sequence of Hoxa1-399

does not contain the pentapeptide motif [LaRosa and Gudas, 1988b],

and therefore it would be expected that Hoxa1-399 does not

bind Pbx1.

The Hoxa1 protein transcriptionally regulates genes involved in

various cellular signaling and developmental pathways. Subtractive

hybridization experiments comparing F9 Wt and F9 cells over-

expressing Hoxa1-993 resulted in the identification of various

putative Hoxa1 target genes, such as BMP-4, cadherin-6, HMG-1,

SAP18, Gbx-2, Evx-2, and RBP-2 [Shen et al., 2000]. Microarray

analyses of RA-treated Hoxa1�/� embryonic stem (ES) cells versus

wild-type ES cells indicate that Hoxa1 mediates the repression of

genes involved in endodermal differentiation, such as Sox17, Gata6,

Gata4, Dab2, and Lama1, while Hoxa1 promotes the expression of

genes involved in ectodermal and mesodermal differentiation, such

as Fgf5, Nnat, Wnt3a, BDNF, RhoB, Postn, and Col1a1 [Martinez-

Ceballos et al., 2005; Martinez-Ceballos and Gudas, 2008].

Additionally, microarray analyses of forced expression or depletion

of HOXA1 in human mammary carcinoma cells identified genes

involved in the p44/42 MAP kinase activation pathway as

downstream targets of HOXA1 [Mohankumar et al., 2007].

Two independent groups have generated Hoxa1 knockout mice

[Lufkin et al., 1991; Chisaka et al., 1992]. Defects in these knockout

mice stem from alterations in rhombomeres 4–7 [Mark et al., 1993],

resulting in malformations of the inner ear, delayed hindbrain

neural tube closure, and absence of certain cranial nerves and

ganglia [Lufkin et al., 1991; Chisaka et al., 1992]. Recently, the

genetic etiology of a congenital dysinnervation disorder, the human

HOXA1 syndrome, in which early motoneuron development is

disrupted, was described [Bosley et al., 2007; Engle, 2007]. The

resulting phenotype includes deafness, horizontal gaze abnormal-

ities, hypoventilation, vascular malformations of the internal

carotid arteries and cardiac outflow tract, facial weakness, mental

retardation, and autism spectrum disorder. The mutations in these

families affect the synthesis of all HOXA1 transcripts, resulting in

the complete loss of HOXA1 [Tischfield et al., 2005].

One of the best-studied Hoxa1 target genes is Hoxb1. The Hoxb1

gene contains multiple retinoic acid response elements (RAREs)

downstream of the coding region which are required for the

transcriptional activation of Hoxb1 in response to retinoids in

cultured cells and in different areas of the developing embryo

[Marshall et al., 1996; Langston et al., 1997; Huang et al., 1998,

2002; Bel-Vialar et al., 2002]. Genetic analysis of double mutant

mice demonstrates that both Hoxa1 and Hoxb1 are necessary for

establishing and maintaining rhombomere 4 identity [Studer et al.,

1998]. Analysis of the Hoxb130RARE allele and other targeted loss-of-

function alleles from both Hoxa1 and Hoxb1 shows that Hoxb1

expression in rhombomere 4 is dependent on the early activation of

both Hoxa1 and Hoxb1 by endogenous retinoids [Studer et al., 1998].

The Hoxa1 gene is a direct target of the retinoic acid receptors

[LaRosa and Gudas, 1988b; Langston and Gudas, 1992]. In RA-
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treated F9 teratocarcinoma cells, Hoxa1-993 mRNA is rapidly

transcriptionally activated (<8 h), and at later times (72 h) Hoxa1-

399 mRNA transcripts accumulate as well [LaRosa and Gudas,

1988b]. Both transcripts have been detected in mouse embryos,

where the two mRNAs are present in equal amounts early in

development (E8.0), but the relative proportion of homeodomain

protein producing message is decreased at later times (E9.0) [Murphy

and Hill, 1991]. These data indicate that the expression pattern of

Hoxa1 transcripts seen in F9 cells is similar to that seen during

development, making F9 stem cells an ideal system for studying

Hoxa1 signaling during cellular differentiation.

Here, we used stably transfected F9 cells that ectopically

express the Hoxa1-399 transcript to determine its effects on the

expression of known Hoxa1 target genes. Using several biochemical

approaches, we provide evidence for a negative role for the Hoxa1-

399 protein in the transcriptional regulation of the Hoxb1 gene.

MATERIALS AND METHODS

PLASMIDS

pERA-1-399S and pERA-1-993S. The pERA-1-399S and pERA-1-

993S plasmids were previously constructed in our laboratory by

inserting the EcoRI restriction fragment of Hoxa1-399 and Hoxa1-

993 mouse cDNA, respectively, into the EcoRI restriction fragment

of the pSG5 expression vector.

pMT-399S. The pMT-399S plasmid was previously constructed in

our laboratory by inserting the EcoRI restriction fragment from

plasmid pERA-399 that encodes the Hoxa1-399 cDNA into the

EcoRI site of the expression vector pMT-64AA. This fragment

contains the full-length open reading frame of Hoxa1-399 but lacks

a region of the 30 untranslated region. pMT-64AA contains a portion

of the mouse metallothionein I promoter followed by an SV40 poly(A)

adenylation sequence to allow induction of expression by zinc.

pAR3039-Hoxa1-993. The bacterial expression vector pAR3039-

Hoxa1-993 was previously constructed in our laboratory by

inserting the NdeI restriction fragment of PCR-amplified Hoxa1-

993. The XhoI/BamHI fragment of pMT-993S was subsequently

inserted.

pAR3039-Hoxa1-399. The bacterial expression vector pAR3039-

Hoxa1-399 was previously constructed in our laboratory by

inserting the SacI/XhoI fragment of pMT-399S into pAR3039-993.

pCS2-Pbx1a. The pCS2-Pbx1a plasmid was a gift from the

laboratory of Dr. Licia Selleri. The construct was generated by

inserting the BamHI–ClaI fragment of Pbx1a mouse cDNA into the

pCS2þ expression vector.

pGL3-wtARE. The pGL3-wtARE reporter construct was generated

by annealing oligonucleotides corresponding to the SOct-R3 of the

Hoxb1-ARE promoter region [50-CAAGTGTCTTT GTCATGCTAAT-

GATTGGGGGGTGATGGATGGGCGCTGC-30] and inserting this into

the KpnI/BglII site of the pGL3-promoter vector (Promega, Madison,

WI).
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pGEX-Hoxa1. The pGEX-Hoxa1-993 and pGEX-Hoxa1-399 were

generated by inserting the corresponding cDNA restriction frag-

ments into the EcoRI/BamHI site of pGEX2T.
PROTEIN DETECTION

Radiolabeled in vitro translated proteins were synthesized from

pSV-993S and pSV-399S with [35S]-cysteine (1,000 Ci/mmol) (cat #

SJ232, GE Healthcare) using TNT Quick Coupled Transcription/

Translation System (Promega, cat # L5020) according to the

manufacturer’s protocol. Protein products (2 ml) were resolved by

SDS–PAGE. The gel was treated with ENHANCE (cat # 6NE9701,

Perkin Elmer, Boston, MA) according to the manufacturer’s protocol

and visualized by Kodak BioMax films.

BL21 bacteria were transformed with pAR3039-Hoxa1-993 and

pAR3039-Hoxa1-399 plasmids. A single colony was inoculated,

grown in LB, and induced with isopropyl-b-D-thiogalactopyrano-

side to express Hoxa1-993 and Hoxa1-399 proteins. Bacterial

lysates were resolved by SDS–PAGE. Hoxa1-993 and Hoxa1-399

proteins were detected by Western analysis, using standard

protocols as previously described [Goliger and Gudas, 1992], with

the Hoxa1 primary antibodies generated in our laboratory.
GENERATION OF THE MOUSE Hoxa1 ANTIBODIES

Antisera 425: A N-terminal peptide of mouse Hoxa1 (-M D N A R M

N S F L E Y P I L G S-) was custom synthesized (Peninsula Labs,

Belmont, CA). This peptide is located in the most N-terminal region

of Hoxa1, which is common to both Hoxa1-993 and Hoxa1-399, and

therefore the antibody that is generated using this peptide will

recognize both proteins. The peptide was coupled to keyhole limpet

hemocyanin (KLH) and injected into guinea pigs, using standard

methods, to generate polyclonal antisera to the mouse Hoxa1

peptide (Pocono Rabbit Farm and Laboratory, Inc., Canadensis, PA).

Thereafter, animals with positive sera were bled weekly and boosted

with 25 mg antigen in Incomplete Freund’s Adjuvant (IFA) monthly.

The IgG fraction was obtained by passing crude sera through a DEAE

Affi-gel blue (Bio-Rad) column. This was followed by affinity

chromatography of the IgG fraction on resins prepared by

carbodiimide coupling of the peptide to sepharose gel (Pharmacia

Sepharose 4B). The two-step purification steps were monitored by

dot-blot assays, with peptide spotted onto nitrocellulose discs. After

incubation with column fractions, the discs were processed with

1� 104 to 3� 104 cpm of 125I-protein A (New England Nuclear,

Boston, MA). Positive IgG fractions were detected by radiography.

Antisera 6466: This antibody was generated by injecting a custom

synthesized N-terminal peptide consisting of amino acids 18-32 (-C-
TABLE I. Hoxa1 Transcript Sizes in F9 Wt and Stably Transfected Cell

RA-inducible transcripts

Endogenous Hoxa1-993 Endogenous Hoxa1

F9 Wt 2.2 2.0
EW-F9-399-83 2.2 2.0
EW-F9-399-72 2.2 2.0
JG-F9-993-10 2.2 2.0

JOURNAL OF CELLULAR BIOCHEMISTRY
S-A-R-A-Y-P-S-D-H-G-I-T-T-F-) of mouse Hoxa1 into rabbits

(Pocono Rabbit Farm and Laboratory, Inc.). This region of Hoxa1 is

common to both Hoxa1-993 and Hoxa1-399 and therefore the

antibody that is generated using this peptide will recognize both

proteins. This antisera was purified in a similar manner as antisera

425. Antisera 397 and 398: These antibodies were generated by

injecting a custom synthesized C-terminal peptide consisting of the

last 17 amino acids of Hoxa1-399 (-R-S-L-S-F-P-C-F-R-D-V-F-S-

S-A-D-L) into two guinea pigs (Pocono Rabbit Farm and Laboratory,

Inc.). This stretch of amino acids is unique to Hoxa1-399 and

therefore the antibody that is generated using this peptide will

recognize only Hoxa1-399. These antibodies were purified as

described above.
GENERATION OF F9-399-83 AND F9-399-72 CELL LINES

F9 murine teratocarcinoma cells were co-transfected with the pMT-

399S and neomycin resistance (pSV2-neo) plasmids through

electroporation. Two independent clones were selected and screened

to generate the EW-F9-MT-Hoxa1-399S-83 and EW-F9-MT-

Hoxa1-399S-72 stable cell lines (abbreviated F9-399-83 and F9-

399-72, respectively). These cells, in response to zinc, express an

exogenous Hoxa1-399 mRNA that is 1.5 kB because a region of the

30 untranslated region was truncated in the pMT-399S construct

(Table I). A similar cell line, F9-993-10, was previously generated

[Goliger and Gudas, 1992] to overexpress Hoxa1-993 in response

to zinc.
CELL CULTURE

COS cells were grown in Dulbecco’s Modified Eagle’s Medium

(DMEM) supplemented with 10% bovine calf serum (Invitrogen,

Carlsbad, CA). The cells were maintained at 10% CO2 at 378C. F9 Wt,

F9-399-83, F9-399-72, and F9-993-10 cells were grown on

gelatinized plates in DMEM supplemented with 10% bovine calf

serum and 2 mM glutamine. The cells were maintained at 10% CO2 at

378C.
CELL PROLIFERATION STUDIES

F9 Wt, F9-399-83, F9-399-72, and F9-993-10 cells were plated on

12-well plates at a density of 1� 104 cells/well. The day after

plating, cells were treated in triplicate wells with 100mM ZnCl2, with

or without 1 mM RA, and were again treated after 48 h. After various

times in culture, cells were trypsinized and counted using an

electronic particle counter (model: Coulter Z1; Beckman Coulter,

Inc., Fullerton, CA). All cells were treated with ZnCl2 alone to ensure
Lines (kb)

Zinc-inducible transcripts

-399 Exogenous Hoxa1-399 Exogenous Hoxa1-993

—— ——
1.5 ——
1.5 ——
—— 1.5
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maximum expression of the exogenous Hoxa1. Error bars are

indicative of Standard Error of the Mean (SEM). Results are plotted

as percentage of cell count of cells treated with RA and zinc

compared to cells treated with zinc alone.

NORTHERN ANALYSIS

All experiments were done in the presence of 100 mM zinc chloride

to ensure maximum expression of exogenous Hoxa1. Experiments

done in the absence of zinc are not discussed as the metallothionein

promoter driving the expression of exogenous Hoxa1 has been

found to be active in the absence of zinc (Fig. 1B), presumably due to

trace amounts of zinc present in the cell culture media [Goliger and

Gudas, 1992]. F9 Wt, F9-399-83, F9-399-72, and F9-93-10 cells

were treated with 100 mM zinc chloride with or without 1 mM all-

trans-retinoic acid (RA) (cat #R2625, Sigma, St. Louis, MO) for 24,

48, and 72 h. After treatment, cells were harvested and total RNA

was isolated using RNA Stat60 (Tel-Test, Inc.) according to the

manufacturer’s instructions. RNA samples were separated on 1%

agarose, 2.2 M formaldehyde gels, transferred to nylon membranes,

and UV crosslinked using UV Stratalinker 2400 (Stratagene, La Jolla,

CA). Membranes were incubated with radiolabeled probes in

standard hybridization buffer (5� SSC, 5 mM EDTA, 50 mM

phosphate buffer, 5� Denhardt’s solution, 0.1% SDS, 10% dextran

sulfate, 100 mg/ml denatured salmon sperm, 50% formaldehyde) for

24 h at 428C. After hybridization, membranes were washed two

times for 15 min each at 428C in low stringency wash (2� SSC, 0.1%

SDS) followed by one high stringency wash (0.2� SSC, 0.1% SDS)

for 30 min at 608C. After washing, the membranes were exposed to

Kodak BioMax films or PhosphorImager analysis (Amersham

Biosciences, Piscataway, NJ).

Results of Northern blot assays were normalized to GAPDH

expression as this gene is constitutively expressed in these cell lines.

Data analysis was performed by the computer software program NIH

Image 1.62 or Imagequant and graphed as fold induction over

results in F9 Wt zinc treatment at 24 h except exogenous Hoxa1

which was graphed as exogenous Hoxa1 mRNA levels over GAPDH

mRNA levels. Statistical analysis was performed by T-test using

GraphPad Prism 4.0. For the statistical analysis of northern blot

assays, normalized values of stably transfected F9 samples were

compared to normalized values of F9 Wt cells at the same time point

and respective treatment. Significance indicates a P value of <0.05.

The following cDNA probes were used in the Northern blot assays:

Hoxa1 cDNA was isolated as a 1-kb fragment, initially isolated as

ERA-1-993, inserted into the EcoRI site of the pSG5 vector. Hoxb1

was excised as a 435-bp EcoRI–HindIII fragment from pGEM72f-

Hoxb1. For Pbx1, a 750-bp EcoRI–NcoI fragment was isolated from

pBS-Pbx1 (obtained from Dr. Dwaine Wright and Dr. Mark Kamps,

UC San Diego, San Diego, CA). Meis1 cDNA was excised as a 1.2-kb

EcoRI fragment from pMSCV-Meis1a (gift from Dr. Scott Steelman

and Dr. Arthur M. Burchberg). Hoxa5 cDNA was isolated as a 637-bp

fragment from the EcoRI–BglII site of the pUC18-Hoxa5 vector

(obtained from Dr. W.F. Odenwald). GATA4 cDNA was isolated as a

1.9-kb fragment excised from pBluescript (obtained from Dr. Stuart

H. Orkin). Hoxc9 was isolated from the EcoRI site of the pCRII vector.

For GAPDH, a 280-bp fragment was excised from the PstI site of

pGEM5.
430 Hoxa1 IN STEM CELLS
SEMI-QUANTITATIVE RT-PCR

F9 Wt, F9-399-83, and F9-399-72 cells were treated with 1 mM RA

and/or 100 mM zinc chloride for 48 or 72 h. Total RNA was isolated

from the cells using RNA Stat 60. RNA (5mg) was reverse transcribed

using Superscript III (Invitrogen) according to the manufacturer’s

instructions and random primed using 1 mg random hexanucleo-

tides. The cDNA product was diluted 1:10 with sterile, ultrapure

water. The diluted cDNA (2 ml) was amplified in the linear range by

PCR using the primer pairs listed in Table II. For the exogenous

Hoxa1-399, 30 cycles with an annealing temperature of 608C were

performed. For endogenous Hoxa1-993, endogenous Hoxa1-399,

Hoxb1, and b-actin, touch-down protocols were employed that

consisted of 19 cycles with a decreasing annealing temperature of

70–608C, followed by 12, 10, 10, and 2 cycles, respectively, with an

annealing temperature of 608C.

TRANSIENT TRANSFECTIONS AND REPORTER ASSAYS

F9 Wt and F9-399-83 cells (1� 106) were plated on gelatinized

100 mm tissue culture plates for transfection by the calcium

phosphate method. pGL3-wtARE or pGL3-promoter (8 mg)

(Promega), 4 mg pSV-Hoxa1-993, 4 mg pCS2-Pbx1a, and 1 mg

renilla/luciferase (as an internal control) constructs were trans-

fected. pSG5 was used in appropriate amounts when necessary to

normalize for the amount of DNA used in each experimental

condition. Briefly, DNA in a total volume of 420 ml 1 mM Tris, pH

7.4, was mixed with 60 ml 2 M CaCl2 by gentle vortexing. The DNA-

CaCl2 mixture was then added to an equal volume of 2x HEPES

buffered saline [280 mM NaCl, 50 mM HEPES, 1.5 M Na2HPO4], pH

7.05, by bubbling, and incubated at room temperature for 30 min

before being added dropwise to the cells. After 12–15 h, the cells

were washed twice with TBS [25 mM Tris, 137 mM NaCl, 5 mM KCl,

0.7 mM CaCl2, 0.5 mM MgCl2, 0.6 mM Na2HPO4], pH 7.5, and

incubated in regular formulated media for 24 h before being

harvested.

For transient transfection of COS cells, the DEAE-dextran method

was used. DNA amounts were the same as those used for transient

transfection of F9 cells (described above). Cells (2� 106) were plated

in 100 mm dishes 24 h prior to transfection. DNA was brought to a

final volume of 1.9 ml in PBS and mixed with 100 ml of 10 mg/ml

DEAE-dextran. Cells were washed twice with PBS before the DNA–

DEAE mixture was added dropwise. After incubating for 30 min,

8 ml media containing 80 mM chloroquine was added to the cells.

The cells were then incubated for an additional 2.5 h. The media

containing chloroquine was removed and the cells were then

incubated at room temperature with media containing 10% DMSO

for 2.5 min. At that time, the media containing DMSO was removed,

regular formulated media was added, and the cells were incubated

for an additional 24 h before harvesting. Semi-Quantitative RT-PCR

analysis was performed to confirm the efficiency of the transfection

of COS cells. Total RNA was isolated and reverse transcribed as

described above (see Semi-quantitative RT-PCR Section). cDNA

(2 ml) was amplified by PCR using the primer pairs listed in Table III.

For all genes examined, 20 cycles with an annealing temperature of

608C were performed.

Luciferase assays were conducted using the Dual Luciferase

Reporter Assay kit (Promega, cat # E1960) according to the
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. Splicing patterns of Hoxa1-993 and Hoxa1-399 cDNAs. A: Due to alternative splicing, two transcripts of Hoxa1 (previously Era-1) exist. Both transcripts share

common splice sites, indicated by black triangles. However, Hoxa1-399 undergoes an additional splicing event, indicated by white triangles, causing a shift in the reading frame.

This results in a truncated protein which lacks the homeodomain and a portion of the poly-His region that is present in Hoxa1-993. Hatched rectangles indicate the homeobox.

B: In vitro translated Hoxa1-993 and Hoxa1-399 detected by SDS–PAGE and subsequent radiography. Hoxa1-993 and Hoxa1-399 electrophoresed at the expected sizes of�36

and �15 kDa, respectively. A luciferase expression construct was used as a positive control for the in vitro transcription and translation reaction. The luciferase protein

electrophoresed at the expected size of 61 kDa. The rabbit reticulocyte lysate used for the in vitro transcription reaction was included as a negative control. C: Hoxa1-993 and

Hoxa1-399 proteins detected by Western blot from IPTG-induced recombinant protein expressed in bacteria. The empty bacterial expression vector was included as a negative

control. The primary antibodies used in these experiment were affinity-purified, polyclonal guinea pig or rabbit anti-mouse Hoxa1 antibodies. Antisera 6466 and 425 are

specific to two different regions of the N-terminus of the Hoxa1 protein and recognize both Hoxa1-993 and Hoxa1-399. Antisera 397 and 398 are specific to the C-terminus of

Hoxa1-399 and recognize Hoxa1-399 only. The proteins were immunoprecipitated with these antibodies and then electrophoresed. These experiments were performed at least

two times with similar results. Arrow, expression of Hoxa1-993 protein; Arrowhead, expression of Hoxa1-399 protein. D: RT-PCR analysis of exogenous and endogenous Hoxa1

transcripts in F9 Wt and F9-399-83 cells after 48 h treatment with 1 mM RA and/or 100 mM ZnCl2. These assays were performed three times with similar results obtained.
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TABLE II. Primer Pairs Used for Hoxa1 and Hoxb1 Transcript

Detection

Endogenous Hoxa1-993 50-TGG AGG AAG TGA GAA AGT TGG C-30

(forward)
50-ATG GGA GTC GAG AGG TTT CC-30

(backward)
Endogenous Hoxa1-399 50-TGG AGG AAG TGA GAA AGT TGG C-30

(forward)
50-TTC TTG GTG GGT CTG CTT CC-30

(backward)
Exogenous Hoxa1-399 50-TCT CCT CAC TTA CTC CGT AGC TCC-30

(forward)
50-TTC TTG GTG GGT CTG CTT CC-30

(backward)
Endog Hoxa1 (spans intron) 50-TGG AGG AAG TGA GAA AGT TGG C-30

(forward)
50-AGA AGA CGT CTC TGA AGC AGG-30

(backward)
Endog Hoxa1-993

(spans intron)
50-TAA CTC CTT ATC CCC TCT CCA C-30

(forward)
50-TTC TCC AGC TCT GTG AGC TGC TTG

GTG G-30 (backward)
b-actin 50-AAG TGT GAC GTT GAC ATC CG-30

(forward)
50-GAT CCA CAT CTG CTG GAA GG-30

(backward)
Hoxb1 50-CTC CGC CGC AGC CCC CAT AC-30

(forward)
50-TCG CTC GCG TTT CTT CTG CTT CAT-30

(backward)
36B4 50-AGA ACA ACC CAG CTC TGG AGA AA-30

(forward)
50-ACA CCC TCC AGA AAG CGA CAG T-30

(backward)
manufacturer’s instructions. Luciferase assays were monitored using

the TD-20/20 Luminometer (Turner Designs). Results of the

luciferase assays were normalized to values obtained for pGL3-

wtARE transfected alone into F9 Wt or COS cells. Statistical analysis

was performed by 2-way analysis of variance using GraphPad Prism

4.0. Normalized values of F9-399-83 cells were compared to

normalized values of F9 Wt cells at the same time experimental

condition. Significance indicates a P value of <0.05.

GST PULL-DOWN ASSAYS

Radiolabeled in vitro translated proteins were synthesized from

pSV-993S, pSV-399S, and pCS2-Pbx1a plasmids with [35S]-

cysteine (1,000 Ci/mmol) (cat # SJ232, GE Healthcare) using TNT

Quick Coupled Transcription/Translation System (Promega, cat #

L5020) according to the manufacturer’s protocol. BL21 bacteria

were transformed with pGEX-Hoxa1 constructs. A single colony

was inoculated and grown in LB for approximately 16 h at 378C. The

culture was then diluted 1:20 into one liter of LB. When the OD600

reached 0.6, 10 ml of 50 mM isopropyl-b-D-thiogalactopyranoside

was added to the culture for 2–4 h to induce expression of fusion

proteins. The culture was then centrifuged at 6,000 rpm at 48C for

5 min and subsequently resuspended in lysis buffer [PBS, 1 mM
TABLE III. Primer Pairs Used for Transiently Transfected COS

Hoxa1-993 50-CCC CTC TGA CCA TGG GAT TAC AAC TT-30 (forward)
50-ATG GGA GTC GAG AGG TTT CC-30 (backward)

Hoxa1-399 50-CCC CTC TGA CCA TGG GAT TAC AAC TT-30 (forward)
50-TTC TTG GTG GGT CTG CTT CC-30 (backward)

Pbx1 50-GGA CAT CGG GGA CAT TTT ACA GCA-30 (forward)
50-GTA GTA GCA TCC TGC CAA CCT CCA TT-30 (backward)
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phenylmethylsulfonyl fluoride, 0.5 mg/ml leupeptin, 1 mM DTT],

except GST-399, which was supplemented with 0.5% sarkosyl

(Sigma) to increase protein solubility. Suspensions were sonicated

three times for 10 s on ice at output level 3 (Branson Sonifier 150)

and microcentrifuged at 14,000 rpm for 5 min at 48C to isolate

soluble proteins. The supernatants (soluble protein) were then

collected. To increase binding of solubilized proteins to glutathione

agarose, 0.3% and 4% Triton X-100 was added to GST-993 and GST-

399 lysates, respectively, and rocked for 30 min at 48C. Recombinant

GST, GST-993 and GST-399 were immobilized on 50 ml bed volume

of glutathione Sepharose 4B beads (Amersham Biosciences, cat #

17-0756-01) by rocking for 1 h at 48C. After washing three times

with PBST and equilibration in GST binding buffer (20 mM Tris pH

7.9, 100 mM NaCl, 0.1% Tween, 10% glycerol), the amount of fusion

protein bound to glutathione beads was determined by comparison

with BSA protein concentration standards by SDS–PAGE and

subsequent coomasie blue staining.

GST-fusion proteins (10 mg) bound to glutathione beads were

incubated with 10 ml in vitro translated Hoxa1-993, Hoxa1-399, or

Pbx1a and rocked for 1 h at 48C in GST binding buffer. After

washing three times at 48C by rocking with PBST, the bound proteins

were resolved by SDS–PAGE. The gel was treated with ENHANCE

(cat # 6NE9701, Perkin Elmer) according to the manufacturer’s

protocol and visualized by phosphorimager and autoradiography.

Data analysis was performed by the computer software programs

NIH Image 1.62 or ImageQuant v1.11 and graphed as percentage of

protein bound compared to input controls. Statistical analysis was

performed by unpaired T-test using GraphPad Prism 4.0.

ELECTROPHORETIC MOBILITY SHIFT ASSAYS

Oligonucleotides used in EMSA were obtained commercially from

MWG Biotech (USA) and correspond to the R3 region of the Hoxb1-

ARE [50-GGGGGGTGATGGATGGGC GCTGC-30] [Ferretti et al.,

2005]. Oligonucleotides were resuspended and diluted in Tris–

EDTA. Double-stranded oligonucleotides were prepared by mixing

equal molar ratios of single-stranded oligonucleotides. The mixture

was heated at 908C for 5 min and slowly cooled to room temperature.

In vitro translated proteins were synthesized from 2 mg pSV-

993S, pSV-399S, and pCS2-Pbx1a plasmids using the TNT Quick

Coupled Reticulocyte Lysate system (Promega) according to the

manufacturer’s protocol. [35S]-cysteine-labeled proteins were pre-

pared in parallel, run on a 15% acrylamide gel, and analyzed by

phosphorimager and autoradiography to determine translation

efficiency. The amounts of proteins were normalized for the amount

of cysteine of each protein. Equal amounts of proteins (1 ml of

Hoxa1-993, 1 ml Pbx1 and 6 or 12 ml Hoxa1-399) were incubated

on ice with 40,000 cpm [32P]-labeled oligonucleotide [50-

GGGGGTGATGGATG GGCGCTGC-30] in binding buffer (10 mM

Tris pH 7.5, 75 mM NaCl, 1 mM EDTA, 6% glycerol, 3 mM

spermidine, 1 mM DTT, 0.5 mM PMSF, 1 mg poly-dI–dC) in a total

volume of 20 ml for 30 min. The amount of reticulocyte lysate added

to each reaction was adjusted in order to normalize for the amount

of translated protein products in each experiment. The reaction

mixture was separated on a 6% non-denaturing polyacrylamide gel

in 0.5� Tris-buffered EDTA. After gel drying, the DNA-bound

proteins were detected by phosphorimager and autoradiography.
JOURNAL OF CELLULAR BIOCHEMISTRY



Quantitation was performed using ImageQuant v1.11. Statistical

analysis was performed using the software GraphPad Prism v4.0 by

an unpaired T-test comparing band intensity of the band

corresponding to the 993/Pbx1 complex in the absence of 399

(Fig. 3, lane 2) to all other experimental conditions. Error bars are

indicative of the SEM.

RESULTS

DIFFERENTIAL SPLICING OF Hoxa1

RA transcriptionally activates the Hoxa1 gene, the most 30 gene of

the Hox A homeobox gene cluster, in F9 teratocarcinoma stem cells

[LaRosa and Gudas, 1988a]. The Hoxa1 gene encodes two

alternatively spliced mRNAs which can direct the synthesis

of two distinct proteins, one that contains the homeodomain

(Hoxa1-993), and a second, truncated protein that lacks the DNA

binding domain (Hoxa1-399). Using this nomenclature, the numbers

-993 and -399 correspond to the lengths of the respective open

reading frames. The splicing event causes a shift in the reading

frame, resulting in an earlier TGA stop codon in the Hoxa1-399

transcript. Therefore, the translation of the Hoxa1-399 transcript

results in a truncated protein that lacks the homeodomain (Fig. 1A).

The Hoxa1-993 transcript encodes a protein of 36 kDa, while the

truncated Hoxa1-399 transcript encodes a15 kDa protein. The two

proteins are identical for the first 114 amino acids but have unique

carboxy-termini [LaRosa and Gudas, 1988b]. The functions of the

smaller Hoxa1 protein, which lacks the homeodomain, are

not known.

Hoxa1 PROTEIN EXPRESSION

Hoxa1-993 and Hoxa1-399 were in vitro transcribed and translated

using the pSV-993S and pSV-399S plasmids, respectively, as

described in Materials and Methods Section. The cDNA encoded by

each of these plasmids contains the full-length coding sequence for

each protein. The apparent molecular masses of the mouse Hoxa1

proteins, determined by acrylamide gel electrophoresis, are similar

to the calculated molecular masses [LaRosa and Gudas, 1988b]. In

vitro translated Hoxa1-993 and Hoxa1-399 electrophoresed at the

expected sizes of 36 and 15 kDa, respectively (Fig. 1B). The

molecular masses of both Hoxa1-993 and Hoxa1-399 were also

confirmed by bacterial expression of the proteins, followed by

immunoprecipitation using affinity purified, polyclonal guinea pig

or rabbit anti-mouse Hoxa1 antibodies (Fig. 1C).

GENERATION OF F9 CELLS WHICH STABLY EXPRESS

Hoxa1-399 OR Hoxa1-993

To determine the effects of increased expression of Hoxa1-399 on

the expression of known Hoxa1 target genes, F9 Wt teratocarcinoma

stem cells were stably transfected by electroporation with pMT-399S

to express ectopically Hoxa1-399 under the regulation of the

metallothionein promoter. We selected the metallothionein pro-

moter for inducible expression because we wanted to be able to

compare directly these lines with the F9-993-10 line, which we had

generated earlier (see below). These cell lines, referred to as F9-399-

83 and F9-399-72, ectopically express Hoxa1-399 upon the

addition of zinc chloride to the cell culture media. A similar cell
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line, F9-993-10, was previously generated by electroporation of

pMT-993S into F9 Wt cells to express Hoxa1-993 ectopically in

response to zinc chloride [Goliger and Gudas, 1992]. We previously

showed that 100 mM zinc chloride had no effects on cell

proliferation rates or on RA-regulated gene expression [Goliger

and Gudas, 1992].

The exogenous Hoxa1 message that is ectopically expressed in the

F9-399-83, F9-399-72, and F9-993-10 cell lines is shorter than the

endogenous Hoxa1 transcript because a portion of the Hoxa1 30 UTR

was removed. The endogenous Hoxa1-993 and Hoxa1-399

messages are 2.2 and 2.0 kb, respectively, while the exogenous

Hoxa1-399 and Hoxa1-993 messages are both 1.5 kb (Table I). By

Northern blot analysis, the endogenous Hoxa1 transcripts (Hoxa1-

993 and Hoxa1-399) versus the exogenous Hoxa1 transcripts can be

distinguished and separated on the basis of their different sizes. By

RT-PCR, all four different transcripts can also be easily distin-

guished. RT-PCR analysis of the F9 Wt and the F9-399-83 cell lines,

treated for 48 h with RA and/or ZnCl2, showed exogenous Hoxa1-

399 transcripts in the F9-399-83 cell line, regardless of treatment,

even in the absence of zinc (Fig. 1D). The expression of the

exogenous transcript in the absence of zinc may have resulted from

the activity of the metallothionein promoter under these culture

conditions [Kim and Wold, 1985; Pecorino et al., 1988; Goliger and

Gudas, 1992]. Endogenous Hoxa1-993 mRNA was similarly induced

in the F9 Wt and F9-399-83 cell lines in response to RA with and

without zinc treatment (Fig. 1D). Interestingly, RT-PCR analysis of

RA and/or zinc treated F9 Wt and F9-399-83 cells indicated that

ectopic expression of exogenous Hoxa1-399 in F9-399-83 cells

increases the expression of endogenous Hoxa1-399 compared to

that in F9 Wt cells (Fig. 1D). By RT-PCR analysis, the mRNA levels of

endogenous Hoxa1-399 and exogenous Hoxa1-399 are quite

similar after a 48 h treatment of RA and/or zinc. These data were

confirmed in both F9-399 cell lines using different primer pairs that

spanned the Hoxa1-399 intron (Table II), verifying that the

increased expression of endogenous Hoxa1-399 in F9-399-83 cells

did not result from genomic DNA contamination of the RNA samples

(data not shown).

Hoxa1-399 INHIBITS A LUCIFERASE REPORTER DRIVEN BY THE

Hoxb1 SOct-r3 MOTIF IN F9 CELLS

Hoxa1-993 has been shown to play a vital role in the transcriptional

activation of Hoxb1 at a specific region of the Hoxb1 promoter.

Three evolutionarily conserved, related sequence motifs (R1, R2, and

R3) have been identified in the promoter region of the Hoxb1 gene

that are necessary for proper Hoxb1 transcription in the developing

hindbrain [Popperl et al., 1995]. These conserved elements have

evolved to form an auto-regulatory loop (b1-ARE) for Hoxb1

expression and are made up of three consensus Hox/Pbx sites

[Studer et al., 1998]. On the b1-ARE, and specifically in the R3

region within it, only a subset of Hox proteins (Hoxa1, Hoxb1, and

Hoxb2) can bind Pbx1 to activate transcription [Di Rocco et al.,

1997]. Additionally, it has been demonstrated that in vivo, Hoxa1 is

the primary mediator responsible for the RA-induced expression of

Hoxb1 through the b1-ARE [Di Rocco et al., 2001]. Other published

studies have shown that mutation of the SOct motif within the
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Fig. 2. Luciferase activity driven by the SOct-R3 region of the HoxB1 promoter is reduced by Hoxa1-399. A (top): Diagram illustrating the region of the Hoxb1 promoter that

is known to be regulated by Hoxa1. The Hoxb1 auto-regulatory element is known to contain three related sequence motifs, R1, R2, and R3, and a Sox/Oct binding site (SOct).

Hoxa1/Pbx1 bind the R3 region to aid in the establishment of Hoxb1 expression in rhombomere 4. Bottom: Sequence of Hoxb1 promoter containing the Sox/Oct and R3 regions.

B: Fold induction of luciferase activity assayed from transiently transfected F9 Wt and F9-399-83 cells. Cells were transfected with 8 mg reporter construct together with 4 mg

expression vectors for Hoxa1-993 and Pbx1a where indicated. In all experiments, 1 mg renilla/luciferase was co-transfected as internal control. Bars indicate SEM of four

independent experiments. Significance 	 indicates a P value of <0.05 comparing normalized values of F9-399 cells to normalized values of F9-Wt cells at the same time

experimental condition. C: Fold induction of luciferase activity assayed from transiently transfected COS cells. Cells were transfected with 8 mg reporter construct together with

4 mg expression vectors for Hoxa1-993, Hoxa1-399, and Pbx1a where indicated. In all experiments, 1 mg renilla/luciferase was co-transfected as internal control. Bars indicate

SEM of four independent experiments. Significance 	 indicates a P value of <0.05 when comparing fold induction of cells transfected with reporter, Pbx1, and Hoxa1-993

versus cells that were transfected with Hoxa1-399 as well (lanes 8 vs. 9). D: RT-PCR analysis of transfected COS cells described in (C).
b1-ARE significantly suppresses the transcriptional activation of

Hoxb1 by Hoxa1/Pbx1 [Di Rocco et al., 2001] (Fig. 2A).

We next wanted to determine if Hoxa1-399 could play a role in

the transcriptional regulation of Hoxa1 target genes in the presence

of Hoxa1-993. We used the transcriptional activation of a small

portion of the Hoxb1 promoter region as a model system. To address

this question, a reporter construct was generated, named pGL3-

wtARE, which contains the SOct-R3 region (TAATGATTG-

GGGGGTGATGGATGG) (Fig. 2A) of the Hoxb1 promoter driving

the expression of a luciferase reporter gene. As endogenous Hoxa1-

399 mRNA is expressed upon RA treatment in the F9 Wt and stably

transfected F9-399 cell lines and could potentially mask any effects

of exogenous Hoxa1-399, this reporter construct was transiently

transfected into F9 Wt and F9-399-83 cells in the absence of RA,

together with expression constructs for Hoxa1-993 (pSV993) and

Pbx1 (pCS2-Pbx1). Both cell lines show similar induction of

luciferase activity when transiently transfected with the empty

vector or the pGL3-wtARE reporter construct (Fig. 2B, lanes 1 and 2).

Transient transfection of Pbx1, together with the reporter construct,
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showed no significant induction of luciferase activity (data not

shown). However, when Hoxa1-993 was transiently transfected into

the cells, together with the reporter construct, F9 Wt cells exhibited a

2.1� 0.1-fold induction of luciferase activity. F9-399-83 cells

showed a 37% (P¼ 0.0221) (1.4� 0.2-fold) lower activation of the

luciferase reporter gene compared to Wt cells (Fig. 2B, lane 3). In the

presence of both Hoxa1-993 and Pbx1, the Wt cells induced

luciferase activity by 4.1� 0.4-fold, while F9-399-83 cells induced

luciferase activity by 2.6� 0.4-fold (Fig. 2B, lane 4), indicating a

36% (P¼ 0.0279) inhibition of the transcriptional activation of

luciferase in cells that ectopically express Hoxa1-399. The results

from these experiments indicate that transactivation of luciferase

through the Soc-R3 region of the Hoxb1 promoter is lower in F9 cells

that ectopically express Hoxa1-399.

TESTING OF THE Hoxb1 SOct-R3 SITE IN

TRANSFECTED COS CELLS

Since the reporter assays were performed in two different cell lines

(F9 Wt and F9-399), the transient transfections and reporter assays
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were repeated in COS cells for further confirmation. COS cells were

transiently transfected with the same SOct-R3 reporter construct

together with expression vectors for Hoxa1-993, Pbx1, and an

additional construct to overexpress Hoxa1-339 (pSV-399). RT-PCR

analysis of transiently transfected cells confirmed the proper

expression of transfected constructs in COS cells (Fig. 2D).

Expression of Hoxa1-399 in COS cells inhibited luciferase reporter

activity (1.7� 0.2-fold induction) by 25% (P¼ 0.0393) as compared

to cells that were transiently transfected with expression constructs

for Hoxa1-993 and Pbx1 alone (2.3� 0.1-fold induction)

(Fig. 2C, compare lanes 8 and 9). These results were similar to

the results in F9 Wt and F9-399 cells and they show that ectopic

expression of Hoxa1-399 inhibits the transactivation ability of

Hoxa1-993 and Pbx1 through the SOct-R3 element in the Hoxb1

promoter.

LOWER LEVELS OF DNA-BOUND Hoxa1-993/Pbx1 IS

DETECTED IN THE PRESENCE OF Hoxa1-399

We next sought to determine the mechanism by which Hoxa1-399

inhibits the transactivation ability of Hoxa1-993 and Pbx1 through

an element in the Hoxb1 promoter. Because the Hoxa1/Pbx1 dimer is

known to bind directly to the Hoxb1 promoter, we wanted to

determine if Hoxa1-399 could affect this association by the use of

electrophoretic mobility shift assays (EMSA). In vitro translated

Hoxa1-993 and Pbx1 were incubated with [32P]-labeled oligonu-
Fig. 3. Hoxa1-399 inhibits the formation of a DNA-bound Hoxa1-993/Pbx. A: EMSA w

amounts of Hoxa1-399 incubated with 32P-labeled DNA corresponding to the HoxB1-

present in the rabbit reticulocyte lysate used for the in vitro transcription. B: Quantitation

band corresponding to the 993/Pbx complex (lane 2). Error bars are indicative of SEM. Da

significant; indicates a P value of <0.01, when compared to intensity of 993/Pbx1 ba
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cleotides corresponding to the R3 region (TGATGGATGG) (Fig. 2A)

of the Hoxb1 promoter. As expected, a protein-bound DNA complex

was detected when Hoxa1-993 and Pbx1 were incubated with the

DNA (Fig. 3A, lane 2). However, a lower level of the protein complex

bound to the R3-ARE was seen in the presence of Hoxa1-399. As

increasing amounts of in vitro translated Hoxa1-399 were added to

the reaction, a corresponding decrease in the amount of protein

bound to DNA resulted (Fig. 3, lanes 2–4). The amount of Hoxa1-

993/Pbx1 bound to DNA was analyzed by radiography (Fig. 3B).

When equal molar amounts of Hoxa1-993, Pbx1, and Hoxa1-399

proteins were incubated with DNA, the intensity of the band

generated by Hoxa1-993/Pbx1 bound to DNA was 34.8� 3.8%

(P¼ 0.0022) of the band formed in the absence of Hoxa1-399. In the

presence of one-half of the molar amount of Hoxa1-399 added to

the reaction, the intensity of the band generated by Hoxa1-993/

Pbx1 bound to DNA was 48.9� 1.13% (P< 0.0001) of the band

formed in the absence of Hoxa1-399. These results suggest that in

the presence of Hoxa-399, a significantly lower amount of Hoxa1-

993/Pbx1 bound to the R3 region.
Hoxa1-399 AND Hoxa1-993 INTERACT IN VITRO

Through EMSA, we demonstrated that Hoxa-399 inhibits the

binding of Hoxa1-993/Pbx1 to the R3 region in vitro. To further

explore how this occurs, GST pull-down assays were performed to
as performed using equal units of in vitro translated Hoxa1-993, Pbx1 and increasing

ARE-R3 region of the HoxB1 promoter. Lysate (lane 1) indicates endogenous protein

of EMSA band intensities depicted in (A). Data were normalized to the intensity of the

ta representative of three independent experiments except lane 3 where n¼ 2. 		 Very

nd.
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Fig. 4. Hoxa1-993 and Hoxa1-399 form dimers in vitro. A,B,D: Hoxa1-399 binds Hoxa1-993 but not Pbx1a. GST, GST-Hoxa1-993, and GST-Hoxa1-399 fusion proteins

(10 mg) bound to glutathione beads were incubated with radiolabeled Hoxa1-993, Hoxa1-399, or Pbx1a (10 ml). C: GST-993 binds Pbx1a as previously reported. GST and GST-

Hoxa1-993 fusion protein bound to glutathione beads were incubated with radiolabeled Pbx1a. E: GST-Hoxa1-399 forms a trimer with Pbx1a and Hoxa1-993 by binding to

Hoxa1-993. GST and GST-Hoxa1-399 fusion proteins bound to glutathione beads were incubated with radiolabel Hoxa1-993 and Pbx1a. Similar results were seen in at least

two independent experiments. F: Quantitation of GST pull-down experiment shown in e. Error bars are indicative of SEM. Data are representative of three independent

experiments. 			 Very significant; indicates a P value of <0.001, 	 significant; indicates a P value of <0.05 when comparing % bound to GST-399 versus GST under the same

experimental condition.
determine if Hoxa1-993 and Hoxa1-399 interact in vitro. GST-

Hoxa1-399 (GST-399) was incubated with [35S]-labeled full-length

Hoxa1-993. When compared to the amount of GST (negative

control) that bound Hoxa1-993 (0.13� 0.1% of input), more binding

was detected between GST-399 and Hoxa1-993 (2� 0.3% of input,

P¼ 0.0008) (Fig. 4A, compare lanes 2 and 4, Fig. 4D, compare lanes

2 and 3, Fig. 4E, compare lanes 1 and 4, Fig. 4F, compare lanes 1 and

3). To confirm this interaction, the reverse experiment was

performed using GST-Hoxa1-993 (GST-993) incubated with [35S]-

labeled Hoxa1-399. As expected, GST-993 was able to bind Hoxa1-

399, while GST alone was not able to bind, as GST-993 bound

eightfold more Hoxa1-399 that GST alone (Fig. 4B). These results

demonstrate that Hoxa1-399 can directly interact with Hoxa1-993.

Because these findings indicate a heterodimerization of Hoxa1-993

and -399, we next repeated similar GST pull-down experiments to

determine if Hoxa1 proteins can homodimerize. Experiments

performed using GST-993 incubated with [35S]-labeled Hoxa1-
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993 showed significant binding, indicating a homodimerization of

Hoxa1-993 (Fig. 4D, lane 1). A similar experiment was done with

GST-399 and radiolabeled Hoxa1-399, but no binding was detected

(data not shown).

Hoxa1-399 INTERACTS WITH THE Hoxa1-993/Pbx1

COMPLEX BY BINDING TO Hoxa1-993

Hoxa1-993 has been shown to interact with Pbx1 via a tryptophan-

containing pentapeptide motif found N-terminal to the home-

odomain [Phelan et al., 1995]. Hoxa1-399 does not contain the

pentapeptide motif [LaRosa and Gudas, 1988b], and therefore

presumably does not bind to Pbx1. We tested whether Hoxa1-399

can interact with Pbx1 via GST pull-down assays using GST-399

incubated with [35S]-labeled Pbx1. As expected, no significant

binding was detected between GST-399 and Pbx1 (0.32� 0.4%

of input), and no binding was detected between Pbx1 and GST

alone (0.13� 0.2% of input) (Fig. 4A, compare lanes 1 and 3,
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 4E, compare lanes 2 and 5, Fig. 4F, compare lanes 5 and 7).

However, in the presence of both radiolabeled Hoxa1-993 and Pbx1,

GST-399 was able to bring down both proteins (Fig. 4E, lane 3). GST-

399 bound eightfold more Pbx1 in the presence of Hoxa1-993

(P¼ 0.06) (2.6� 1.3% of input) (Fig. 4F, compare lanes 5 and 6).

The presence of both Hoxa1-993 and Pbx1 had no significant

effect on the affinity of GST-399 for Hoxa1-993 (P¼ 0.2896)

(Fig. 4F, compare lanes 1 and 2). The presence of both proteins also

had no effect on the affinity of GST for Hoxa1-993 (0.26� 0.2% of

input) (P¼ 0.3422) (Fig. 4F, compare lanes 3 and 4) or for Pbx1

(P¼ 0.4770) (Fig. 4F, compare lanes 7 and 8). These results indicate

that in vitro, Hoxa1-399 forms a trimer with Hoxa1-993 and Pbx1

by binding to Hoxa1-993.

EFFECTS OF ECTOPIC EXPRESSION OF EXOGENOUS Hoxa1 ON

THE EXPRESSION OF Hoxa1 AND/OR RA TARGET GENES

We next analyzed the effects of RA treatment on F9 cells that

ectopically express exogenous Hoxa1-399 or Hoxa1-993. The

expression of endogenous (399 and 993) versus exogenous (399 or

993) Hoxa1 mRNAs was examined by Northern analysis. F9 Wt, F9-

399-83, F9-399-72, and F9-993-10 cell lines were treated with 100

mM ZnCl2 in the presence or absence of 1mM RA for 24, 48, and 72 h.

Exogenous Hoxa1-399 message was expressed in both F9-399 cell

lines in response to zinc, with or without RA (Fig. 5A). Similarly, the

exogenous Hoxa1-993 transcript was detected in F9-993-10 cells in

response to zinc, with or without RA (Fig. 5A). F9 Wt, F9-399-83,

F9-399-72, and F9-993-10 cells all exhibited similar endogenous

Hoxa1 (399 and 993) mRNA levels in response to a 72 h treatment

with RA as compared to F9 Wt cells. F9 Wt cells exhibited a

5.5� 0.3-fold increase, the F9-399-83 cells showed a 6.1� 0.5-fold

increase, the F9-399-72 cell line exhibited a 6.1� 1.3-fold increase,

and the F9-993-10 cell line exhibited a 5.0� 1.7-fold increase in

endogenous Hoxa1 (399 and 993) message in response to RA

(Fig. 5A,B). Statistical analysis revealed no significant differences

among F9 Wt and the two independently isolated, stably transfected

cell lines (P values ranged from 0.1318 to 0.3833) for RA-induced

Hoxa1 mRNA.

Next, we wanted to determine if ectopically expressed Hoxa1-399

or Hoxa1-993 affects the mRNA levels of Hoxa1 target genes in

response to RA. The F9 Wt, F9-399-83, F9-399-72, and F9-993-10

cell lines were cultured in the presence of 100 mM ZnCl2 and 1 mM

RA for 24, 48, or 72 h. RNA was isolated and analyzed by Northern

blot. The levels of RA-induced Hoxb1 mRNAs were similar at all

time points in the transfected F9 cells as compared to F9 Wt, as

determined by Northern analysis (Fig. 5A,B). Quantitation of

Northern blots of three separate, individual experiments showed

that Hoxb1 mRNA levels were 2.4� 0.7-fold higher in F9 Wt after

24-h treatment of RA plus zinc, while the F9-399-83 and F9-399-72

cell lines showed a 2.4� 0.7-fold (P¼ 0.4987) and 2.3� 0.7-fold

(P¼ 0.2639) increase, respectively, and F9-993-10 cells exhibited a

2.3� 0.5-fold (P¼ 0.4396) increase. At 72 h of treatment with

RAþ zinc, F9 Wt cells showed a 4.9� 0.9-fold induction while F9-

399-83 and F9-399-72 cells exhibited a 4.7� 0.5-fold (P¼ 0.4309)

and 4.7� 1.6-fold (P¼ 0.4485) induction, respectively, and F9-

993-10 cells showed a 4.9� 0.6-fold (P¼ 0.4994) induction. These

results indicate that ectopic expression of Hoxa1-399 or Hoxa1-993
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had no effect on the levels of Hoxb1 mRNA, with or without RA

treatment. These results for ectopic expression of Hoxa1-399 on

Hoxb1 mRNA expression were confirmed by RT-PCR (Fig. 5C) and

quantitative real-time PCR (data not shown).

We also analyzed the effects of ectopic expression of Hoxa1-399

or Hoxa1-993 on the mRNA levels of other RA-regulated genes

(Pbx1, Hoxa5, Meis, Cyp26) and genes previously identified as

Hoxa1 targets (Hoxc9, GATA4) [Martinez-Ceballos et al., 2005].

Results from Northern blot experiments indicated that ectopic

expression of Hoxa1-399 or Hoxa1-993 in F9 cells had no effect on

the mRNA levels of these target genes (Fig. 5A,B).

CHARACTERIZATION OF THE FUNCTIONS OF Hoxa1-399 AND

Hoxa1-993 IN F9 CELLS: CELL PROLIFERATION

ES cells that lack a functional Hoxa1 are somewhat resistant to the

anti-proliferative effects of RA [Martinez-Ceballos et al., 2005].

Therefore, we next performed cell proliferation studies to determine

the effects of ectopic expression of Hoxa1-399 or Hoxa1-993 on the

anti-proliferative properties of RA. For the proliferation analyses, F9

Wt, F9-399-83, F9-399-72, and F9-993-10 cells were treated with

100 mM ZnCl2 with or without 1 mM RA for 0, 72, and 96 h. The cell

numbers of F9 Wt cells treated with RA and zinc for 72 h was

66� 10.8% of control, untreated cells (Fig. 6). In comparison, the

cell numbers of F9-399-83 and F9-399-72 cells treated with RA

were 57� 8.8% (P¼ 0.4987) and 65� 7.8% (P¼ 0.2639) of control,

untreated cells, respectively. Similarly, the cell numbers of F9-993-

10 cells treated with RA were 63� 9.4% (P¼ 0.4396) of control.

After 96 h of RA treatment, no significant differences were seen

among F9 Wt and the two stably transfected F9 cell lines as the cell

numbers of F9 Wt, F9-399-83, F9-399-72, and F9-993-10 cells were

57� 6.7%, 47� 5.7% (P¼ 0.4309), 43� 7.8% (P¼ 0.4485), and

49� 7.7% (P¼ 0.4994), respectively, of the control cell numbers.

Therefore, ectopic expression of exogenous Hoxa1-399 or Hoxa1-

993 does not alter the anti-proliferative effect of RA.

DISCUSSION

The expression of a truncated Hox protein lacking a homeodomain

is not unique to Hoxa1. For example, an alternatively spliced

transcript for Hoxa9 has been detected by RT-PCR. The alternative

splicing causes a frameshift, resulting in the translation of a

truncated protein that lacks the homeodomain [Fujimoto et al.,

1998]. Differentially spliced transcripts resulting in Hox proteins

that lack homeodomains have also been described for human

HOXA1, murine Hoxb6, human HOXB6, and Xenopus XlHbox2

[Wright et al., 1987; Shen et al., 1991; Hong et al., 1995; Fujimoto

et al., 1998]. The functions of these truncated Hox proteins that lack

homeodomains have not been studied in depth. However, the

truncated HOXB6 protein is expressed in undifferentiated kerati-

nocytes and the full-length protein is induced by differentiation

[Komuves et al., 2000]. Moreover, full-length HOXB6 is localized to

the nucleus, while the truncated HOXB6 protein is cytoplasmic

[Komuves et al., 2000]. The same protein localization patterns have

been described for HoxA9 [Dintilhac et al., 2004]. Additionally, the

Drosophila melanogaster homothorax (hth) gene also encodes two
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Fig. 5. Characterization of F9 cell lines overexpressing Hoxa1-399 and Hoxa1-993. A: Total RNA from F9 Wt and the stably transfected cell lines F9-399-83, F9-399-72, and

F9-993-10 treated with 100 mM ZnCl2 with or without 1 mM RA for the indicated times were subjected to Northern blot analysis and probed with various Hoxa1 and/or RA

target genes. One representative is shown, although the experiments were performed three times (except where indicated) with different RNA preparations with similar results.

Arrow, expression of the total endogenous Hoxa1. Arrowhead, expression of exogenous Hoxa1-399 mRNA. B: Quantitation of the mRNA levels of Hoxa1 and/or RA targets by

phosphorimager analysis from three independent experiments (except Pbx1 and Meis1 where n¼ 2). Northern blots were normalized to GAPDH mRNA levels, and the data are

shown as fold increase over the relative mRNA levels of F9 Wt zinc-treatment for 24 h. 			 Very significant; indicates a P value of <0.001, 		 very significant; indicates a P value

of <0.01, 	 significant; indicates a P value of <0.05 when comparing relative mRNA levels to F9 Wt under the same experimental condition. C: RT-PCR analysis of the Hoxb1

transcript in F9 Wt, F9-399-83, and F9-399-72 cells after 72 h treatment with 100 mM ZnCl2 with or without 1 mM RA.
protein isoforms, one that contains the homeodomain and another

truncated protein that does not. These two proteins carry out distinct

functions during development [Noro et al., 2006]. Both proteins are

capable of forming functional hth/Exd complexes (vertebrate

ortholog of Meis1/Pbx complex), but with putative distinct

transcriptional properties [Noro et al., 2006]. These data indicate

that truncated Hox proteins that lack homeodomains may function

in regulating differentiation. Previously Hoxa1-993 was shown to

be required for proper differentiation of ES cells [Martinez-Ceballos

et al., 2005] and F9 cells [Shen et al., 2000]. In this study, we sought
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to determine the role of Hoxa1-399 in the differentiation of F9 stem

cells induced by RA.

PROTEIN EXPRESSION OF Hoxa1-993 AND Hoxa1-399

The molecular masses of Hoxa1-993 and Hoxa1-399 were

confirmed by in vitro translation and immunoprecipitation

(Fig. 1). Though we could detect the proteins when bacterial

expression vectors were employed (Fig. 1), we were unable to detect

the endogenous proteins in F9 Wt or the stably transfected cell lines

using the antibodies that we generated against the specific isoforms
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Fig. 6. Inhibition of cell proliferation in response to RA treatment in F9 Wt

and stably transfected cells. Cells were plated on 12-well dishes at a density of

1� 104 cells/well. The day after plating, 0 h cells were harvested and counted.

Cells were treated with 100 mM ZnCl2 with or without 1 mM RA at 0 and 48 h

and harvested at the indicated times. The results are plotted as the percentage

of cell proliferation versus RA treatment over time. Data points are the means

of triplicate samples. The experiments were performed three times, starting

with fresh cells. Error bars are indicative of SEM.
of Hoxa1 (data not shown). Previously, our laboratory had detected

Hoxa1-993 in F9 cells that overexpress Hoxa1-993 [Goliger and

Gudas, 1992]. The endogenous Hoxa1-993 protein has also been

detected in MCF7 cells [Zhang et al., 2003, 2006; Mohankumar et al.,

2007].

ALTERNATIVE SPLICING OF Hoxa1 AND CELL DIFFERENTIATION

Nothing is known about the mechanisms governing the alternative

splicing of the Hoxa1 mRNA. Hoxa-399 was not detected in

untreated COS cells that were transiently transfected for 24 h with an

expression vector for Hoxa1-993 (Fig. 2D). These experiments

suggest that the splicing of Hoxa1 mRNA is dependent on RA

treatment, 24 h of Hoxa1-993 expression is not sufficient for

splicing to occur, and/or that COS cells do not express the factors

that are necessary for the splicing of Hoxa1. An unspliced transcript

of Hoxb6 which encodes a truncated protein lacking a homeodomain

is expressed earlier during differentiation and a spliced transcript,

which encodes the full-length protein, at later stages of differentia-

tion [Shen et al., 1991; Komuves et al., 2000]. These data support the

concept that the splicing of Hox transcripts is dependent and

regulated by factors that are involved in cellular differentiation.

TRANSCRIPTIONAL ACTIVATION THROUGH THE SOct-R3 REGION

OF THE Hoxb1 PROMOTER IS REDUCED IN F9 CELLS THAT

ECTOPICALLY EXPRESS Hoxa1-399 IN THE ABSENCE OF RA

We performed luciferase assays using the SOct-R3 region of the

HoxB1 promoter to drive the expression of the reporter gene in F9

Wt and F9-399 cells. F9-399 cells exhibited a reduced transcrip-

tional activation of Hoxb1 compared to F9 Wt cells (Fig. 2). It should

be highlighted that these experiments were performed in the absence

of RA. Transiently transfected F9 Wt and F9-399 cells that were

treated with RA for 24 h exhibited a decreased transcriptional

activation of a reporter gene driven by the SOct-R3 region of the

Hoxb1 promoter in comparison to untreated cells (data not shown).
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As RA induces Hoxa1 and Pbx1 expression in teratocarcinoma cells

[Knoepfler and Kamps, 1997; Qin et al., 2004], it would be expected

that the Hoxa1/Pbx1 dimer would thereby bind the R3 region to

enhance reporter activity. However, in the early phases of

development, Hoxa1 and Hoxb1 are induced by endogenous

retinoids, functioning at the RAREs found 30 of both genes, to

establish initial rhombomere 4 identity by triggering the Hoxb1-

ARE [Popperl et al., 1995; Studer et al., 1996, 1998]. Later in

development, rhombomere 4 identity is maintained as Hoxb1

participates in an auto-regulatory feed-back loop to maintain its

expression through the b1-ARE [Studer et al., 1996, 1998]. Thus

after the addition of RA to the transiently transfected F9 Wt and F9-

399 cells, the SOct-R3 region of the Hoxb1 promoter may not have a

major role in the transcriptional activation of Hoxb1 in comparison

to the RARE.

LOWER LEVELS OF DNA-BOUND Hoxa1-993/Pbx1 ARE

DETECTED IN THE PRESENCE OF Hoxa1-399

Through the use of EMSA, we have detected lower levels of DNA-

bound Hoxa1-993/Pbx1 in the presence of Hoxa1-399. As our

EMSA experiments were performed by co-incubating in vitro

translated Hoxa1-993 and Pbx1, it cannot be determined under

these conditions if Hoxa1-993 or Pbx1 were bound to DNA as a

monomer. Therefore, the possibility remains that the presence of

Hoxa1-399 resulted in lower levels of DNA-bound Hoxa1-993 or

Pbx1. However, other groups have previously shown that Hoxa1-

993 has intrinsically weak DNA-binding activity [Phelan et al.,

1994, 1995] and that in vitro translated full-length Pbx1 alone

produces no measurable DNA shift by EMSA [Phelan et al., 1995].

Therefore, the band that we detect in the EMSA when Hoxa1-993

and Pbx1 are co-incubated with DNA (Fig. 3, lanes 2–4) is most

likely generated by a DNA-bound Hoxa1-993/Pbx1 heterodimer.

The EMSA experiments do not differentiate between inhibition of

the binding of Hoxa1-993/Pbx1 to DNA by Hoxa1-399 and

promotion of the dissociation of Hoxa1-993/Pbx1 from DNA.

We were unable to detect a Hoxa1-993/Pbx1/DNA complex when

performing the EMSA experiments using endogenous proteins from

F9 Wt and F9-399-83 cell extracts. We were also unable to produce

supershifts in the EMSA experiments using the antibodies that

we generated against the specific isoforms of Hoxa1 (data not

shown). To date, gel-shift experiments involving Hoxa1 have been

performed using in vitro translated proteins or epitope-tagged

bacterially expressed proteins [Phelan et al., 1995; Di Rocco et al.,

1997; Phelan and Featherstone, 1997; Chen and Ruley, 1998; Green

et al., 1998; Abramovich et al., 2000; Huang et al., 2005]. This may

be because of very low endogenous protein levels or limited stability

of the endogenous proteins.

INTERACTIONS AMONG Hoxa1-399, HOXA1-993, AND Pbx1

Although no significant binding is detected between GST-Hoxa1-

399 and Pbx1 (Fig. 4E), the binding of Pbx1 to GST-Hoxa1-399

increases by eightfold in the presence of Hoxa1-993 (Fig. 4). It is

likely that Hoxa1-399, by binding to Hoxa1-993 (which in turn is

bound to Pbx1), forms a trimer with Hoxa1-993 and Pbx1, and

therefore, that Hoxa1-399 does not directly bind to Pbx1. This is

most likely the case since Hoxa1-399 does not contain the
Hoxa1 IN STEM CELLS 439



pentapeptide that is essential for Pbx/Hox binding [Phelan et al.,

1995]. Another possibility is that Hoxa1-399 binds to Pbx1 through

an alternative motif that is only exposed when Pbx1 is bound to

Hoxa1-993. Although most Hox proteins bind Pbx through the

conserved YPWM motif N-terminal to the homeodomain [Chang

et al., 1995; Johnson et al., 1995; Knoepfler and Kamps, 1995;

Neuteboom et al., 1995; Phelan et al., 1995], there are a few

exceptions. For instance, Hoxa10 binds through an alternative

tryptophan-containing motif [Chang et al., 1996]. However, the

Hoxa1-399 amino acid sequence does not contain these alternative

motifs either.
Fig. 7. Proposed model for the role of Hoxa1-399 at the R3 region of the

HoxB1 promoter. A: Hoxa1-993 forms a complex with Pbx1a. The dimer then
Hoxa1-993 CAN FORM HOMODIMERS

In addition to demonstrating that Hoxa1-993 and Hoxa1-399 can

heterodimerize, our GST pull-down assays indicate that Hoxa1-993

can homodimerize (Fig. 4). These data are consistent with several

other studies that report Hoxa1/Hoxa1 bound to DNA by EMSA

[Phelan et al., 1995; Green et al., 1998].

There are several examples of homeodomain-containing proteins,

such as Pbx3 [Neuteboom and Murre, 1997] and yeast a2 [Goutte

and Johnson, 1993], that have the ability to bind DNA as

homodimers. The yeast a2 protein has also been found to have

different affinity and specificity to DNA as a homodimer versus as a

heterodimer [Goutte and Johnson, 1993]. The hetero- versus

homodimerization of Hoxa1-993 may modulate the DNA binding

properties of the protein.

Hoxa1-993 mRNA encodes a protein estimated to be 36 kDa,

whereas the truncated Hoxa1-399 transcript encodes a 15 kDa

protein. The two proteins are identical for the first 114 amino acids

but have unique carboxy-termini [LaRosa and Gudas, 1988b].

Because Hoxa1-993 is able to bind itself (Fig. 4) and Hoxa1-399 is

not (data not shown), we hypothesize that Hoxa1-993 homo-

dimerizes through its unique COOH-terminal which encompasses

50% of the Hoxa1-993 protein. Additionally, there are two poly-

histidine regions made up of 5 and 11 histidines encoded within the

Hoxa1 protein. The second poly-histidine region, made up of five

histidines, is spliced out of Hoxa1-399. The functions of these poly-

histidine regions are not known. However, COS cells transfected

with human HOXA1 containing expansions in the second poly-

histidine region show increased cell aggregation and cell death

[Paraguison et al., 2005]. Interaction assays using GST fusion

proteins of truncated Hoxa1-993 incubated with a radiolabeled full-

length Hoxa1-993 protein could be performed to determine which

regions of the protein are involved in dimerization. These GST

fusion proteins of truncated domains of Hoxa1-993 could also be

used in experiments with radiolabeled Hoxa1-399 to determine the

amino acid sequences responsible for the heterodimerization.

binds directly to the R3 region of the B1 promoter to induce its expression (top

panel). Later, Hoxa1-399 is expressed. The protein binds Hoxa1-993 to form a

trimer with Pbx1a, inhibiting the 993/Pbx1a complex from binding to DNA.

This reduces the transcriptional activation of Hoxb1 (bottom panel). B: Due to

the in vitro homodimerization that we report, it is possible that there are two

Hoxa1-993/Pbx1 multimers present are the R3 (top panel). Later, Hoxa1-399

is expressed. The protein binds one of the Hoxa1-993 proteins to form a trimer

with Pbx1a, inhibiting one of the 993/Pbx1a complexes from binding to DNA.

This reduces the transcriptional activation of Hoxb1 (bottom panel).
ECTOPIC EXPRESSION OF Hoxa1-399 IN F9 CELLS DOES NOT

ALTER THE EXPRESSION LEVELS OF PUTATIVE Hoxa1

TARGETS IN RESPONSE TO RA

Despite the extensive data presented here supporting a negative role

for Hoxa1-399 in the transcriptional activation of the Hoxb1

promoter (Fig. 2), ectopic expression of Hoxa1-399 in F9 cells did
440 Hoxa1 IN STEM CELLS
not affect the mRNA levels of Hoxb1 or other Hoxa1 targets after RA

addition (Fig. 5). There could be for several reasons for this. First, the

endogenous Hoxa1-399 is expressed in response to RA in F9 cells

and therefore may mask any effects of ectopically expressed Hoxa1-

399. Second, the transcriptional regulation of the Hoxb1 gene is

complex. Within the vertebrate embryo, multiple RAREs cooperate

with positive and negative enhancers to specify Hoxb1 expression

during pattern formation [Langston and Gudas, 1994; Marshall

et al., 1996; Langston et al., 1997; Huang et al., 1998, 2002]. Other

researchers have previously identified several Hoxb1 promoter

regions that have a negative effect on transcription via multiple

Prep1-Pbx1 and Pbx1-Hoxb1 binding sites functioning together to

modulate and spatially restrict Hoxb1 expression in rhombomere 4

[Ferretti et al., 2005]. The experiments performed in this report

focused only on the R3 region.

Based on these results, we present two models for the mechanism

by which Hoxa1-399 plays a role in the negative regulation of

Hoxb1 at a specific region of the promoter, the SOct-R3 motif

(Fig. 7). Hoxa1-993 is expressed and forms a dimer with Pbx1a that

binds directly to the R3 region of the Hoxb1 promoter, resulting in

transcription. However, in the presence of Hoxa1-399, the protein

forms a trimer with Hoxa1-993 and Pbx1, possibly inducing a

conformational change in the 993/Pbx1 complex that inhibits the

Hoxa1-993/Pbx1 dimer from binding to DNA or decreases the

binding affinity. This event causes a reduction in the transcriptional
JOURNAL OF CELLULAR BIOCHEMISTRY



activation of Hoxb1 (Fig. 7A). As a result of the in vitro

homodimerization that we report, it is also possible that there are

two Hoxa1-993/Pbx1 dimers present at the R3 region (Fig. 7B). The

Hoxa1-399 protein could bind one of the Hoxa1-993/Pbx1 dimers,

resulting in the loss of one of the 993/Pbx1 complexes from the

DNA; a second, functional 993/Pbx1 complex would still be bound

to the promoter. This could result in a reduction in the

transcriptional activation of Hoxb1. The possibility also exists that

Hoxa1-399 binds Hoxa1-993 to not only decrease the affinity of

Hoxa1-993 to the R3 region, but also to mask the activation domain

of Hoxa1-993. As previously mentioned, Hox genes are transiently

and spatially expressed during embryogenesis. Therefore, Hoxa1-

399 may participate in a mechanism to inhibit Hoxb1 gene

expression and the expression of its targets at specific times during

development and/or Hoxa1-399 may play a role in the quantitative

regulation of Hoxb1 gene expression during cellular differentiation.

Improper regulation of HOXA1 gene expression has been

implicated in various types of cancers [Calvo et al., 2000; Hung

et al., 2003; Maeda et al., 2005; Abe et al., 2006; Hassan et al., 2006].

For example, Hoxa1 has been detected in carcinomas of the mouse

mammary gland, but not in normal mammary tissue [Zhang et al.,

2003]. The human gene is expressed in a variety of breast cancer

lesions [Chariot and Castronovo, 1996]. In MCF7 human breast

cancer cells, a third alternatively spliced transcript, which also lacks

the homeodomain, has been described [Chariot et al., 1995]. All

three transcripts are induced by RA and progestins, another

differentiating agent, in these cells [Chariot et al., 1995; Chariot and

Castronovo, 1996]. Moreover, the HOXA1 mRNA encoding the

homeodomain-containing protein has a higher level of expression

than HOXA1 mRNA encoding homeodomain-less proteins in

human breast cancer lesions [Chariot and Castronovo, 1996]. These

data support the idea that the regulation of both the full-length and

truncated Hoxa1 proteins is potentially important for cellular

differentiation, particularly breast epithelial cell differentiation.
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