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Homeobox (Hox) genes encode a family of transcrip-
tion factors that regulate embryonic patterning and or-
ganogenesis. In embryos, alterations of the normal pat-
tern of Hox gene expression result in homeotic
transformations and malformations. Disruption of the
Hoxal gene, the most 3’ member of the Hoxa cluster and
a retinoic acid (RA) direct target gene, results in abnor-
mal ossification of the skull, hindbrain, and inner ear
deficiencies, and neonatal death. We have generated
Hoxal '~ embryonic stem (ES) cells (named Hoxal-15)
from Hoxal ™'~ mutant blastocysts to study the Hoxal
signaling pathway. We have characterized in detail
these Hoxal ’~ ES cells by performing microarray anal-
yses, and by this technique we have identified a number
of putative Hoxa-1 target genes, including genes in-
volved in bone development (e.g. Collal, Postn/Osf2, and
the bone sialoprotein gene or BSP), genes that are ex-
pressed in the developing brain (e.g. Nnat, Wnit3a,
BDNF, RhoB, and Gbx2), and genes involved in various
cellular processes (e.g. M-RAS, Sox17, Cdkn2b, LamAl,
Coldal, Foxa2, Foxql, KIf5, and Igf2). Cell proliferation
assays and Northern blot analyses of a number of ES cell
markers (e.g. Rex1, Oct3/4, Fgf4, and Bmp4) suggest that
the Hoxal protein plays a role in the inhibition of cell
proliferation by RA in ES cells. Additionally, Hoxal ™/~
ES cells express high levels of various endodermal
markers, including Gata4 and Dab2, and express much
less Fgf5 after leukemia inhibitory factor (LIF) with-
drawal. Finally, we propose a model in which the Hoxal
protein mediates repression of endodermal differentia-
tion while promoting expression of ectodermal and
mesodermal characteristics.

Transcription factors are proteins that can activate or re-
press target genes by binding directly to specific DNA se-
quences in the target gene promoters or enhancers. One group
of such transcription factors is the homeobox (Hox)! family of
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proteins that regulates embryonic patterning and organogene-
sis (reviewed in Refs. 1-4). In mammals, 39 of the Hox genes
are located in four separate chromosome clusters, Hoxa, Hoxb,
Hoxc, and Hoxd. The expression of Hox genes during develop-
ment depends upon their position in the chromosomal cluster:
genes positioned at the 3’-end are expressed earlier and more
anterior, whereas 5’-end genes are expressed at later times and
more posterior (reviewed in Refs. 1 and 5). Colinear gene ex-
pression from these Hox gene clusters may involve an initial
change in chromatin structure (histone modification and chro-
matin decondensation) of the entire loci, which would then
facilitate the programmed expression of genes along the clus-
ters by a progressive 3’ to 5' change in higher order chromatin
structure (6). Treatment of teratocarcinoma cells or embryonic
stem cells with retinoic acid (RA), which acts via the retinoic
acid receptors (RARq, -B, and -y and their isoforms (reviewed in
Refs. 7 and 8), results in the sequential activation of several
Hox genes in a manner that resembles their positions in the
clusters, e.g. 3’ genes are activated before 5’ genes (7-9). More-
over, our laboratory discovered the presence of a retinoic acid
response element (RARE) in the 3’ enhancer of the Hoxal gene
(10-13). This RARE is also functional in transgenic mice (14—
16). We also demonstrated that unlike F9 Wt cells, F9 RARy™/~
cells fail to express the Hoxal gene in response to RA (17).
Alterations in the normal pattern of Hox gene expression in
embryos result in homeotic transformations and malforma-
tions, and frequently, in perinatal lethality (3, 18). For in-
stance, the targeted inactivation in mice of both alleles of the
most 3" member of the Hoxa cluster, the Hoxal gene, leads to
numerous developmental defects, including hindbrain deficien-
cies and abnormal skull ossification, and ultimately, to neona-
tal death (19-22). Numerous studies have demonstrated that
the hindbrain defects in Hoxal '~ mice result in part from the
failure of Hoxb1 to reach its anterior limit of expression at the
presumptive rhombomere 3/rhombomere 4 (r3/4) boundary,
which initiates a cascade of gene misexpression that results in
the misspecification of the hindbrain compartments from r2 to
r5 (23-26). Furthermore, the ectopic expression of Hoxal in
transgenic mice leads to the ectopic activation of HoxbI in r2,
produces anterior abnormalities, including the reorganization
of the developing hindbrain, and ultimately results in embry-
onic death (27). These observations highlight the importance of
the Hoxal gene and suggest that the regulatory effects of
retinoids on cell growth and on embryonic patterning may be
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exerted, at least in part, through the activation of specific levels
of Hoxal expression in cells and tissues.

Earlier work by this laboratory (28) initiated the isolation of
Hoxal target genes by overexpression of Hoxal in F9 terato-
carcinoma cells and subsequent comparison of gene expression
with that of wild-type F9 cells by subtractive hybridization.
These studies resulted in the isolation and identification of
novel Hoxal target genes, including HAIR-62 (29). Other re-
searchers have identified Hoxal binding sites in the promoter
regions of the neural cell adhesion molecule L1 gene (30), the
Epha2 gene (31), and the Hoxb1 gene (24, 32). The identifica-
tion of additional Hoxal target genes is required to understand
fully the mechanism of action of the Hoxal protein in cells and
tissues. In this research we have generated embryonic stem
(ES) cells from wild-type, Hoxal */~, and Hoxal '~ blastocyst-
stage mouse embryos to use as a model system in which to
characterize in detail the putative genes involved in the Hoxal
signaling pathway and to identify Hoxal target genes by mi-
croarray analyses.

MATERIALS AND METHODS

Isolation of Hoxal Homozygous ES Cell Lines—C57Bl/6 Hoxal*/~
mice, generated by replacing the 5’-end of the Hoxal coding region with
a neomycin® cassette by homologous recombination (19), were kindly
provided by Dr. Pierre Chambon (Strasbourg-Cédex, France). Hoxal™/~
mice were mated in order to obtain mouse embryos at the blastocyst
stage. Female mice were examined every morning for the presence of
plugs. The day on which a plug was found was considered to be embry-
onic day 0.5 (E0.5). Blastocysts were harvested on day E3.5 and indi-
vidually cultured in ES cell medium (containing 20% fetal calf serum
and 2X leukemia inhibitory factor (LIF)) on a feeder layer of mitomycin
C-treated embryonic fibroblasts, as previously described (33). Cells
from the inner cell mass were trypsinized and replated 8 days after
hatching from the zona pellucida. After several rounds of propagation,
the murine ES cells were genotyped by PCR, and the cell lines were
frozen.

Four different Wt cell lines were obtained (EMC-ES-Hoxal-1, -11,
-12, and -17), one heterozygous Hoxal™~ (EMC-ES-Hoxal-3), and one
homozygous Hoxal ™'~ (EMC-ES-Hoxal-15). Cell lines 1, 3, and 15 were
subsequently single-cell cloned and selected for further analyses.

PCR Genotyping—The genotypes of the newly generated EMC-ES-
Hoxal ES cell lines were initially determined by PCR analyses on
genomic DNA. Isolation of genomic DNA was performed as described by
Lufkin et al. (19). The sequences of the primers used were provided by
Dr. Pierre Chambon. Primers 1 and 3 (P1 and P3) were used to detect
the wild-type allele (expected size of the PCR fragment is 567 bp).
Primers 2 and 3 (P2 and P3) were employed for the detection of the
disrupted Hoxal allele (expected size of PCR fragment is 700 bp). The
positions of these PCR primers for the detection of each allele are shown
in Fig. 1A. The sequences of the primers used for PCR genotyping are as
follows: P1, 5'- GCCATTGGCTGGTAGAGTCACGTGT-3'; P2, 5'-GAT-
GGAAGCCGGTCTTGTCGATCAG-3'; P3, 5'-CATGGGAGTCGAGAG-
GTTTCCAGAG-3'. For PCR reactions, samples were subjected to 45
amplification cycles at 92 °C for 1 min; 62 °C for 2 min, and 72 °C for 1
min; followed by an extension cycle at 72 °C for 10 min. PCR products
were separated on a 1% agarose gel and detected by ethidium bromide
staining.

Karyotyping of EMC-ES-Hoxal Cell Lines—Karyotyping of the six
EMC-ES-Hoxal cell lines was performed by Dr. Margaret Laversha
from the Molecular Cytogenetics Core Facility of the Memorial Sloan
Kettering Cancer Center (New York, NY). Metaphases were prepared
from subconfluent cultures by standard cytogenetic procedures. Briefly,
after a 1-h incubation with colcemid (final concentration 0.02 ug/ml),
trypsinized cells were pelleted (250 X g, 5 min) from 25-cm? flasks and
washed briefly in 4 ml of warm 0.075 M KCl, then incubated in 8 ml of
fresh hypotonic solution for 5 min at 37 °C before mixing in 2 ml of fresh
3:1 methanol/glacial acetic acid fixative. The cells were washed in three
changes of 5 ml of fixative before being resuspended in ~2 ml of fixative
for slide preparation. Fixed cell suspensions were stored at —20 °C.
Analysis was performed on 20-25 GTG-banded metaphases from each
clone. Images were digitally captured using a Nikon E800 microscope
equipped with a SenSys KAF1400-G2 CCD camera (Photometrics, Tuc-
son, AZ), supported by QUIPS imaging and analysis software (Applied
Imaging Corp., San Jose, CA). The analysis indicated that most EMC-
ES-Hoxal-1 cells had a trisomy 11 and an unbalanced translocation
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between chromosomes 8 and 14. Approximately 50% of EMC-ES-
Hoxal-3 cells were of normal karyotype, and the remainder had spo-
radic structural changes. Approximately 70% of EMC-ES-Hoxal-15
cells had a chromosome 14 with additional chromosomal material of
unknown origin, and 20% of the cells had trisomy 11. About 10% of the
cells had a trisomy 1 as a consequence of a Robertsonian fusion between
chromosomes 1 and 6.

Cell Culture and Drug Treatments—Cells were cultured in ES me-
dium (Dulbecco’s modified Eagle’s medium supplemented with 10% ES
cell qualified fetal calf serum (Invitrogen), 2 mM glutamine, 100
units/ml penicillin, 100 pug/ml streptomycin, 1 mM sodium pyruvate, 100
uM MEM nonessential amino acids, and 0.1 mM B-mercaptoethanol. 1 X
10® units/ml leukemia inhibitory factor (LIF, Esgro, Invitrogen) was
added prior to use. Cells were treated with 1 uMm RA (Sigma) 24 h after
plating on gelatin-coated 100-mm tissue culture plates. Control cells
were treated with 0.1% ethanol (vehicle). After various times of drug
treatment, cells were harvested for total RNA extraction.

For cell proliferation studies, ES cells were plated on 12-well plates
at a density of 1 X 10* cells/well. The day after plating, cells were
treated in triplicate wells with various doses of RA (1 X 107°,1 X 108,
1 X107, 5 X 1077, and 1 X 10°° M) and incubated for 96 h. After
various times in culture, cells were counted using an electronic particle
counter (model: Coulter Z1; Beckman Coulter, Inc., Fullerton, CA).
Control cells were treated with 0.1% ethanol (vehicle).

For the LIF withdrawal studies, EMC-ES-Hoxal-1 and EMC-ES-
Hoxal-15 were cultured in ES cell medium containing 10% fetal calf
serum plus LIF. Cells were then plated on gelatinized 100-mm plates at
a density of 1 X 10° cells/plate in the presence or absence of LIF for 24 h,
and then they were treated with 1 um RA or ethanol vehicle for various
periods of time and harvested for subsequent Northern blot analyses.

Northern Blot Assays—Total RNA samples were isolated from cells
and then subjected to Northern blot analysis as described previously
(34). RNA was fractionated by size on 1% agarose, 2.2 M formaldehyde
gels, transferred to nylon filters, and cross-linked using a UV Stratal-
inker 1800. Filters were hybridized to radiolabeled cDNA probes in
standard hybridization buffer containing 10% dextran (17). After wash-
ing under high stringency conditions (0.2X SSC, 0.1% SDS for 20 min at
60 °C), hybridization filters were exposed to Kodak BioMax films. Re-
sults from Northern blot assays were normalized relative to GAPDH
mRNA levels; GAPDH is constitutively expressed in these cells. Quan-
titation of Northern blots was performed by PhosphorImager analysis
(Amersham Biosciences, Piscataway, NJ), with the aid of the computer
software NIH Image 1.62 or Image Quant 1.2. Statistical analyses of
Northern blot quantitations were performed by a 2-way analysis of
variance using the software GraphPad Prism 4.0. For the statistical
analyses of Northern blot assays, normalized quantitations from
Hoxal-3*/~ or Hoxal-15"" cells were compared with the normalized
quantitation from Hoxal-1 (Wt) cells at the respective time points and
drug treatments. Significance indicates a p value of < 0.05.

Probes Used for Northern Blot Analyses—The following cDNA probes
were used in the Northern blot assays: Hoxal (1-kb fragment, initially
isolated as ERA-1-993) inserted into the EcoRI site of the pUC-9 vector
(10); the full-length Hoxa2 ¢cDNA, generated in this laboratory, (~1.6
kb) inserted into the EcoRI site of pBluescript; a cDNA fragment of
Hoxa3 inserted into the HindIII site of pGemI (obtained from Dr. Frank
Ruddle, Yale University, New Haven, CT). For Hoxa5, a 637-bp frag-
ment was excised with EcoRI-Bglll from pUC18-Hoxa5 (formerly
known as pUC18-Hox1.3, a gift from Dr. W. F. Odenwald). Hoxb1 was
excised as a 435-bp EcoRI-HindIII fragment from pGEM72f-Hoxb1 (35).
A 620-bp fragment of Fgf4, cloned into the Smal site of pBluescript, and
an 800-bp fragment of Fgf5, cloned into the Smal site of pBluescript,
were obtained from Dr. Gail Martin (UCSF, San Francisco, CA). The
plasmid pRex-1 2-5R contains a 1.7-kb fragment of Rex-1 (Zfp-42)
inserted into the EcoRI site of the pUC9 vector (36). An Oct3/4 cDNA
fragment (800 bp) was excised with PstI-EcoRI from the pBSII-Oct3/4
plasmid (a gift from Dr. Yehudit Bergman). Bmp4 was obtained from
Dr. John Wozney (37). Gata-4 was obtained from Dr. Stuart H. Orkin
(38). A Pbxl ¢cDNA fragment (750 bp) was obtained by restriction
digestion of the plasmid pBS-Pbx1 with EcoRI-Ncol (obtained from Drs.
Dwaine Wright and Mark P. Kamps, UC San Diego, San Diego, CA).
Similarly, a 1.6-kb ¢cDNA fragment of Meis1 was excised from the EcoRI
site of the pMSCV vector (a gift from Drs. Scott Steelman and Arthur M.
Buchberg). LamA1l was obtained from Dr. Y. Yamada (39). A 2.4-kb
cDNA fragment of Col4al was excised from the EcoRI site of the pUC9
vector (40). Foxa2 (HNF3pB) was obtained from Dr. K. Anderson (Sloan-
Kettering Institute, New York, NY). Dab2 and Foxql ¢cDNAs were
obtained from a F9 ¢cDNA library and cloned into the pT-Adv vector
(Clontech, Palo Alto, CA) by TA cloning (41). The following clones were
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obtained from ATCC: Bmil (BE854719), Cdxl (AA509618), Klf5
(1331265), and Nnat (BG962074).

The following cDNAs were amplified by PCR from RA-treated EM-
C-ES-Hoxal-1 cells (for genes up-regulated in Wt) or EMC-ES-Hoxa-
1-15 cells (for genes up-regulated in Hoxal /= cells) and subsequently
cloned into the Topo TA vector (Invitrogen): Postn/Osf2, 758 bp (upper
primer, 5'-GACGAAGATCCAAATTGAAGGTGA-3'; lower primer, 5'-
CTGAGGCGGAAGGTTTTTACTGT-3'); Collal, 424 bp (upper primer,
5'-CTGACCTTCCTGCGCCTAATGT-3’; lower primer, 5'-TTGAGTTT-
GGGTTGTTCGTCTGTT-3"); Wispl, 685 bp (upper primer, 5'-CCAGA-
GGAGGCCACGAACTT-3'; lower primer, 5'-GTCCCCAATCCCATCC-
ATCTGTCT-3"); Hoxc9, 561 bp (upper primer, 5'-GGCAGCAAGCACA-
AAGAGGAGAA-3'; lower primer, 5'-TTGCGCTGGGGAAGAGAACG-
3'); RAES3, 479 bp (upper primer, 5'-CGGCGCTGGTCTGAACATCCT-
3’; lower primer, 5'-TCAGCCCTGCAGCCCCATCTA-3’). The identities
of the amplified cDNAs were confirmed by DNA sequencing in the
sequencing facility of Cornell University in Ithaca, NY.

RT-PCR Analysis—Total RNA was extracted from both wild-type
and Hoxal ™/~ ES cells treated with RA for 0, 24, and 48 h. RNA was
treated with RNase-free DNase I (Invitrogen) to eliminate any residual
genomic DNA, and then reverse-transcribed with Superscript II (Invi-
trogen) and primed with 1 pug of random hexanucleotides. Samples were
amplified in the linear range by PCR using the following primers:
Wnt3a, 507 bp (upper primer, 5'- CGGGCGCGGGCATAACG-3’; lower
primer, 5'-CCATCCGCACGAACCCCACCTA-3'); RhoB, 442 bp (upper
primer, 5'-CACGGCAGGCCAGGAGGACTAC-3’; lower primer, 5'- GC-
AAGGGCGTGAGGCAGGAC-3'); Cdkn2b, 647 bp (upper primer, 5'-C-
CGTGACATTGCGAGGTATC-3’; lower primer, 5'- CAGAATCCAGGC-
ATCAAGGCAACT-3'); Gbx2, 767 (upper primer, 5'-ATCGCCCACGC-
CCTCAAACTC-3'; lower primer, 5'-TGCTTCCGACATGGCTCAGATA-
GG-3'); M-Ras, 529 bp (upper primer, 5'-ACCAGGGACCAAGGAAAA-
GAAATG-3’; lower primer 5- CTGGTGCGTTGTATGTGGGTAAGC-
3'); Sox17, 477 bp (upper primer, 5'-GCCGGCACCTACACTTACG-3’;
lower primer, 5'- GTCGGACACCACGGAGGAAATG-3'); Gapdh, 432 bp
(upper primer, 5-ACCACAGTCCATGCCATCAC-3’; lower primer,
5'-TCCACCACCCTGTTGCTGTA-3").

Microarray Analysis—Wild-type and Hoxal '~ ES cells were treated
with 1 uM RA for 24 and 48 h in the presence of LIF, and total RNA was
extracted using RNAStat-60 (Tel-Test, Inc.; Friendswood, TX) as indi-
cated by the manufacturers. The differential expression of putative
Hoxal target genes in EMC-ES-Hoxal-1 versus EMC-ES-Hoxal-15 ES
cells was examined according to the Affymetrix microchip array proto-
col (Affymetrix, Santa Clara, CA). Briefly, single strand ¢cDNA was
prepared from 20 pg of total RNA by reverse transcription. After second
strand synthesis, cRNA was prepared by in vitro transcription of double
strand c¢cDNA with biotinylated ribonucleotides (Enzo Diagnostics,
Farmingdale, NY). cRNA was then fragmented by heating at 95 °C for
35 min and then mixed with control oligonucleotide, control cRNA
(composed of biotin B, biotin C, biotin D, and Cre), and herring sperm
DNA. This mixture was hybridized to MG-U74Av2 microarray chips for
16 h at 45 °C. The MG-U74Av2 microarray chips contain all sequences
(~6000) in the mouse UniGene data base that have been functionally
characterized, plus ~6000 ESTs (Affymetrix, Santa Clara, CA). The
hybridized microarray chips were washed and stained in a Fluidics
station in the Microarray Core facility of the Weill Medical College of
Cornell University. The microarray analyses were performed twice on
two different starting preparations of ES Wt and Hoxal /= ES RNA.
Microarray results were analyzed using the computer software Mi-
croarray Suite 5.0 from Affymetrix. Scatter plots were performed with
Microarray Suite 5.0 software. Data analysis was performed using the
computer program GeneSpring (Redwood, CA).

RESULTS

Establishment of the Wt, Hoxal™'~, and Hoxal '~ ES Cell
Lines—The C57BL/6 Hoxal™'™ mice used in this research were
provided by Dr. Pierre Chambon. Heterozygous Hoxal ES cells
were generated by transfection of a construct containing 8 kb of
homologous Hoxal genomic DNA into wild-type D3 ES cells,
followed by homologous recombination (see Fig. 1A). The het-
erozygous ES line was employed to generate the Hoxal knock-
out mice (19). To generate Hoxal ES cell lines, heterozygous
C57BL/6 Hoxal mice were mated, and day 3.5 blastocyst-stage
embryos were extracted from pregnant females by uterine
flushing as previously described (33). Six different ES cell lines
were initiated, each from a different blastocyst, and these were
genotyped by PCR. Of these, four were wild type (EMC-ES-
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Fic. 1. PCR genotyping of EMC-ES-Hoxal cell lines and North-
ern blot analysis. A, diagram showing the position in Wt and the
disrupted locus of the primers used for genotyping (adapted from
Lufkin et al., Ref. 19). P1 and P3 recognize the Wt allele. P2 binds to the
NeoR cassette (open box), and together with the P3 primer, can be used
to identify the disrupted Hoxal alleles. Hatched lines in the targeting
construct represent vector DNA; black boxes, Hoxal exons; thin lines,
genomic DNA. B, four different Wt cell lines were obtained (EMC-ES-
Hoxal-1, -11, -12, and -17), one heterozygous (Hoxal-3), and one ho-
mozygous (Hoxal-15). Cell lines 1, 3, and 15 were selected for further
analyses. Positive controls are from Hoxal heterozygous and wild-type
mouse tails. M, 1-kb ladder molecular DNA markers. Arrow, disrupted
allele (~4 kb). Arrowhead, wild-type allele (2.2 kb). C, Northern blot
analysis using a radiolabeled ¢cDNA probe for Hoxal confirmed the
genotype of EMC-ES-Hoxal-1 (Wt), -3/, and -15"/". Cells were cul-
tured plus or minus RA and plus LIF. Arrow, expression of the gene
containing the NeoR locus. Arrowhead, expression of the wild-type
Hoxal mRNA. D, quantitation of Northern blots shown in C after
normalization to Gapdh mRNA levels was performed with the software
program GraphPad Prism Version 4.0. **, very significant (p < 0.001).
B, BamHI; R, EcoRI; S, Sphl; XA, Xhol.

Hoxal-1,-11,-12, and -17), one was Hoxal heterozygous (EMC-
ES-Hoxal-3), and one Hoxal homozygous knockout (EMC-ES-
Hoxal-15; Fig. 1B). Of the wild-type ES cell lines, EMC-ES-
Hoxal-1 was selected for subsequent experiments, in addition
to the EMC-ES-Hoxal-3 and EMC-ES-Hoxal-15 ES cells. The
genotypes of these three ES cell lines were further confirmed
by Northern blot analysis (Fig. 1C). RA induced the tran-
scription of the wild-type Hoxal gene (transcript size about
2.2 kb, arrowhead in Fig. 1C) in both Hoxal-1 (Wt) and
Hoxal-37/~ ES cells, although RA-inducible Hoxal mRNA
levels were about 4—7-fold lower in heterozygous cells than in
wild-type cells, as demonstrated by quantitative analyses of
the Northern blot assays (Fig. 1D). The upper band in Fig. 1C
(about 4 kb; arrow) results from the transcription of the
disrupted allele.
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Induction of Hoxa Cluster Gene Expression by RA in the
Absence of Hoxal—As a first step toward the characterization
of our Hoxal™~ ES cells, we asked whether the expression of
other Hox genes is altered in these Hoxal-null cells lines.
Knockout inactivation of the Hoxal gene has demonstrated
that Hoxal is not required for the correct expression of Hoxa
cluster genes (e.g. Hoxa2, Hoxa3, and Hoxa4) in the Hoxal
mutant embryos (42). However, these experiments do not ex-
clude the possibility that Hoxal may be required for the RA-
induced colinear expression of Hoxa cluster genes upstream of
Hoxal. To test whether a functional Hoxal protein is required
for the induction of the more 5’ Hoxa cluster genes by RA in ES
cells, Wt, Hoxal*’~, and Hoxal '~ ES cell lines were treated
with 1 uM RA or vehicle only for different periods of time and
the expression of various Hoxa cluster genes, along with the
expression of Hoxbl, was assayed by Northern blot analysis.
Expression of Hoxa2, Hoxa3, Hoxa5, and Hoxbl mRNA was
detected in all three ES cell lines by Northern blot assays (Fig.
2A). Quantitation of Northern blots, after normalization
against the loading control, demonstrated that there were no
significant differences in Hoxa2, Hoxa3, or Hoxa5 mRNA levels
(by two-way analysis of variance) after treatment of the three
cell lines with RA (Fig. 2B). Taken together, these results
indicate that Hoxal expression is not required for the colinear
induction of these Hoxa cluster genes by RA.

Hoxbl mRNA expression Is Reduced in RA-treated Hoxal™’~
and Hoxal '~ ES Cells—It has been demonstrated that Hoxal
is required for the correct expression levels of HoxbI both in
vitro and in vivo (23, 26, 32, 43). To determine whether this is
the case in our model system, we examined the expression of
Hoxb1 in the three ES cell lines with or without RA treatment
(Fig. 2A). RA-induced Hoxb1 mRNA expression was about 2—4-
fold lower in the Hoxal-3™~ and the Hoxal-15""" cells than in
Hoxal-1 (Wt) cells (Fig. 24, lanes 4-7 versus lanes 11-14 and
18-21, also, see quantitation in Fig. 2B). These results demon-
strated that Hoxal is required for the transcriptional activation
of Hoxb1 by RA in these ES cell lines. Our results using these ES
cells are in agreement with previous observations reported in the
literature for other model systems (23, 24, 26, 32, 43).

Expression of Regulators of Hox Activity and Hox Gene Tran-
scription in the ES Cell Lines: Pbxl and Meis]1—Hox proteins
exert their activity by forming protein complexes with Meis1 or
Pbx1 that bind to specific DNA sequences in the promoters of
their target genes (44—48). To test whether Hoxal can regulate
the expression of MeisI and/or Pbx1, we next examined the
expression of these two genes in the three ES cell lines treated
with RA. As has been previously reported (49), we observed
that Meis1 and Pbx1 mRNAs were induced by RA. No differ-
ences in the levels of Meis1 mRNA induction were observed
among the three ES cell lines (Fig. 3A). However, quantitative
analyses demonstrated that Pbx1 mRNA levels were signifi-
cantly lower in the Hoxal-15""" cells at 96 h after RA addition
than in either Hoxal-1™" or Hoxal-3""" cells at 96 h plus RA
(Fig. 3A, sample 21 versus samples 7 and 14).

Expression of Polycomb Group Genes in the EMC-ES-
Hoxal-15 Cell Line—Another type of regulator of Hox gene
expression is the polycomb group (PcG) of transcriptional re-
pressors (50). To determine whether Hoxal regulates PcG gene
expression, we examined the mRNA levels of Cdx1 and Bmil in
the ES cell lines by Northern blot analysis. No differences in
either CdxI or Bmil mRNA expression were observed among
the different ES cell lines tested (Fig. 3B). Our results indicate
that Hoxal does not play a transcriptional role in the expres-
sion of either Cdx1 or Bmil.

Identification of Putative Hoxal Target Genes in Hoxal ES
Cells by Microarray Analysis—The targeted inactivation of
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both copies of the HoxaI gene results in a variety of defects and
ultimately, in death (19-22). Likewise, overexpression of
Hoxal driven by the actin promoter leads to embryonic lethal-
ity (27). These results clearly demonstrate the importance of
the Hoxal gene for the proper development and survival of the
vertebrate embryo. Despite this evidence, the actions of the
Hoxal protein are not yet well understood. Thus, in order to
identify putative Hoxal target genes and to characterize in
more detail our Hoxal-null cells, we compared the gene expres-
sion of Hoxal-1""" versus Hoxal-15"'~ ES cells by gene mi-
croarray analysis. Total RNA was obtained from Hoxal-1 ver-
sus Hoxal-15 ES cells after RA treatments for 24 and 48 h; all
cells were cultured in the presence of LIF. RNA was converted
to biotin-labeled cRNA as described under “Materials and
Methods.” After hybridization to microarray chips, washing,
and staining, the signals were corrected for intensity via inter-
nal controls in a Fluidics Station. The comparative microarray
analyses were performed in duplicate for each time point as-
sayed, starting with different RNA preparations, with similar
results. The expression profile from one experiment at 48 h of
RA treatment is shown in Fig. 4 as a scatter plot. For clarity,
only genes (each dot represents one gene) that were differen-
tially expressed in Hoxal-1 versus Hoxal-15 cells by greater
than 2-fold are shown.

A total of 71 genes were down-regulated in the Hoxal-15"/~
versus Hoxal-1"" cells by 2-fold or greater. Of these, 27 were
unknown genes. Of 74 genes up-regulated in Hoxal-15""" versus
Hoxal-1"" cells by 2-fold or greater, 26 were unknown genes.

Some of the genes that exhibited decreased expression in
Hoxal-15"" cells as compared with Hoxal-1"/* cells and thus
are putative target genes activated by Hoxal are shown in
Table I. Genes that exhibited increased expression in Hoxal-
157/~ cells are shown in Table II. These are putative target
genes repressed by the Hoxal protein. Some of the genes (17
genes) shown in Tables I and II were examined by either
Northern blot assays or RT-PCR for the purpose of character-
izing the Hoxal™~ ES cells in more detail and validating the
results obtained from the microarray analyses. The results
from these analyses are described below.

Putative Hoxal Target Genes Involved in the Development of
the Nervous System and/or Brain Development—One gene that
exhibits reduced expression in Hoxal-15"'" cells is neuronatin
(Nnat), whose expression in the hindbrain of the developing
embryo is restricted to rhombomeres 3 and 5 (51). In the neo-
nate, Nnat expression is restricted to the brain (52). We exam-
ined the effect of RA treatment on the expression of Nnat
mRNA in the three Hoxal ES cell lines to validate the microar-
ray results. For comparison purposes, the effect of RA was also
examined in the well established AB1 murine embryonic stem
cell line (34) (Fig. 5A, lanes 1-7). One representative Northern
blot is shown (Fig. 5A), and the quantitation of Nnat mRNA
levels from three separate experiments is also shown (Fig. 5B).
High levels of Nnat mRNA were observed in both untreated
Hoxal-1"* and Hoxal-3%/~ cell lines (Fig. 5A, lanes 8, 9 and
lanes 15, 16 and B, samples 1, 2 and samples 8, 9). A decrease
in Nnat mRNA levels was observed after 12 h of RA treatment
in these cell lines, but by 48 h of RA treatment Nnat mRNA
levels were similar to those of untreated controls. Nnat mRNA
levels in untreated Hoxal-15"'" ES cells were about 10-fold
lower than those in untreated Hoxal-1*'" cells (Fig. 5B, sam-
ples 15-21 versus samples 1-7). RA treatment for 12 and 24 h
also decreased Nnat mRNA levels in the Hoxal-null ES cells
(Fig. bA, lanes 24, 25).

WISP1, an extracellular matrix-associated signaling mole-
cule that can be induced by Wnt-1 (53, 54), also exhibited a
reduced expression in Hoxal™~ ES cells. Wnt-1 encodes a
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Fic. 2. Induction by RA of Hoxb1 and Hoxa cluster gene expression in ES cell lines cultured plus or minus RA and plus LIF. A,
Northern blot analysis of HoxbI and Hoxa cluster genes in RA-treated (1 um) ES cells; B, quantitative analysis of Hox gene expression in the cell
lines. Hox mRNA levels were normalized to Gapdh mRNA levels, and the data are shown with the 48-h control (Ctl 48 h) as the unit. Approximate
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Fic. 3. Induction of expression of Hox cofactor mRNA by RA. Cells were cultured plus or minus RA and plus LIF. A, quantitative analysis
of Meis1 and PbxI mRNA levels after Northern blot analyses. Northern blots were performed three times with different RNA preparations, and
these Northern blots were quantitated by phosphorimager to generate the data in A. B, expression of polycomb group genes Cdx1 (~1.7 kb) and
Bmil (~3.6 kb) in various ES cell lines. Only one Northern blot is shown in B, but Northern blots were performed three times with different RNA
preparations with similar results. S.D. was calculated using GraphPad Prism 4.0. *, significant (p < 0.05).
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Fic. 4. Logarithmic scatter plot of microchip array results
showing the expression intensities of individual genes in EMC-
ES-Hoxal-1 versus EMC-ES-Hoxal-15 cell lines. Dots represent
genes that are differentially expressed in EMC-ES-Hoxal-1""" versus
EMC-ES-Hoxal-15""" ES cell lines. For clarity, only dots representing
genes with a fold change of 2 or greater are shown. Intensity levels of
genes in EMC-ES-Hoxal-1 cells are shown on the ordinate, and inten-
sity levels of genes in EMC-ES-Hoxal-15 cells are shown on the ab-
scissa. Diagonals represent fold difference (negative numbers, higher
levels in EMC-ES-Hoxal-1; positive numbers, higher expression levels
in EMC-ES-Hoxal-15).

secreted protein implicated in the regulation of neural devel-
opment in vertebrates (55-59). Compared with untreated con-
trols, WISP1 mRNA levels were increased by 11-fold after 72 h

and by 17-fold after 96 h of RA in Hoxal-1*/" and Hoxal-3™/~
cells (Fig. 5A, lanes 13, 14 and 20, 21, and B, samples 6, 7 and
13, 14). In Hoxal-15"/~ ES cells, WISP1 mRNA levels in-
creased only 2- and 4-fold at 72 and 96 h after RA addition,
respectively (quantitation in Fig. 5B).

From our microarray analyses, we identified additional
genes that are involved in the development of the nervous
system. One of these genes is Wnt3a, which is highly expressed
in the developing nervous system (60, 61) and whose gene
product has been shown to be essential for neural tube pattern-
ing (62), for the promotion of proliferation of dopaminergic
neuronal precursor cells (59), and for induction of neuronal
differentiation of ES cells in vitro (63). The differential expres-
sion of Wnt3a in wild-type versus Hoxal knockout cells was
demonstrated by RT-PCR (Fig. 5D).

An additional gene that exhibited reduced expression in
Hoxal™~ ES cells is RhoB, a member of the rho family of
GTP-binding proteins. RhoB is expressed in migrating neural
crest cells during the early stages of hindbrain development
(64, 65). RT-PCR demonstrated that wild-type ES cells express
higher RhoB mRNA levels than Hoxal knockout ES cells after
RA treatment for 24 and 48 h (Fig. 5D).

RT-PCR also demonstrated the differential expression of the
cyclin-dependent kinase inhibitor 2B (Cdkn2b), which is fre-
quently mutated in tumors of the central nervous system (for a

transcript sizes are: Hoxal, 2.2 kb; Hoxa2, 1.7 kb; Hoxa3, 1.9 kb; Hoxa5, 1.9 kb; Hoxb1, 1.8 kb. Only one of the Northern blots is shown in A but
the data in B are from three repetitions with different RNA preparations. S.D. was calculated using the software program GraphPad Prism 4.0 as
described under “Materials and Methods.” Hoxal /~ and Hoxal /~ ES cells were compared with Wt at each time point for statistical significance.

* significant (p < 0.05). **, very significant (p < 0.001).
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TaBLE 1
Microarray analysis of genes decreased in EMC-ES-Hoxal-15""" cells
relative to Wt after RA treatment for 48 h

Hoxal Knockout ES Cells

TaBLE II
Microarray analysis of genes increased in EMC-ES-Hoxal-15""" cells
relative to Wt after RA treatment for 48 h

Gene name Fold change”

Gene name Fold change”

Periostin (Postn, previously named Osf-2) 12.68
a-1 Type 8 procollagen (Col8al) 10.80
Insulin-like growth factor-binding protein 3 8.90
(IGFBP3)
Small inducible cytokine A2 5.63
a-1 Type I procollagen (Collal) 4.85
Aortic carboxypeptidase-like protein (ACLP) 4.29
Short-chain dehydrogenase 2 (CRAD2) 3.90
Mouse plasminogen activator inhibitor (PAI-1) 3.69
Homeobox protein PSX 3.41
Connective tissue growth factor-related protein 3.16
(Wisp1)
Neuronatin (Nnat) 3.06
Vascular smooth muscle a-actin 2.93
Wingless-related MMTYV integration site 3A (Wnt¢3a) 2.82
Bone sialoprotein gene (BSP) 2.60
RhoB 2.57
Cell death activator CIDE-A (Cide-a) 2.45
Serum amyloid A3 2.40
CCAAT/enhancer-binding protein, 3 (C/EBP) 2.30
Brain-derived neurotrophic factor (BDNF) 2.30
Cyclin-dependent kinase inhibitor 2B (Cdkn2b) 2.27
Adenylate kinase 3 (Ak3) 2.22
Insulin-like growth factor 2 (IGF2) 2.09

SRY-box containing gene 17 (Sox17) 25.63
Laminin, al (LamAl) 8.02
Fork head-related protein a2 (Foxa2/HNF-3b) 6.30
Proteoglycan core protein 5.70
Disabled 2 (Dab2) 5.50
Mus musculus LERK-4 (Epl4) 4.63
Histone H2A 4.40
Retinoic acid-inducible E3 (RAE3) 4.34
Kruppel-like factor 5 (Kif5) 3.53
Fork head-related protein q1 (FoxqI) 3.36
Homeobox C9 (Hoxc9) 3.31
Platelet-derived growth factor receptor, a 2.93
(PDGFRa)
M-Ras 2.79
Procollagen, type IV, al (Col4al) 2.67
Laminin y1 2.60
SRY-box-containing gene 7 (Sox7) 2.36
Gastrulation brain homeobox 2 (Gbx2) 2.36
Ephrin A2 (EphA2) 2.33
Growth factor receptor-bound protein 10 (Grb10) 2.32
Mouse carbonic anhydrase IT (CAII) 2.22
Laminin g1 C terminus (LamBI) 2.12
Cathepsin C 2.10
Lactate dehydrogenase A-4 (LDH-A) 2.05

“ Average of two experiments.

review see Ref. 66), in wild type versus Hoxal-null ES cells
(Fig. 5D).

The gene product of another putative Hoxal target (Table 1),
brain-derived neurotrophic factor (BDNF), has a role during
embryogenesis in the survival of the neurons of vertebrate
sympathetic and sensory ganglia (67). More recently, BDNF
has been shown to act as a neuromodulator of the central
rhythmogenic respiratory circuits (68, 69).

These results suggest that Hoxal may be involved in the
RA-induced neuronal differentiation of ES cells in vitro. Our
data also provide information about important components of
this pathway that act downstream of Hoxal.

Putative Hoxal Targets Involved in Bone Formation—
Among the genes identified by microarray analyses that exhib-
ited reduced expression in EMC-ES-Hoxal-15""" cells relative
to Wt ES cells were genes that are involved in the differentia-
tion of connective tissue or in bone formation. These genes are
periostin (Postn, previously named osteoblast-specific factor 2
or Osf2) (70-72), the procollagen Alal gene (Collal) (73-76),
and the bone sialoprotein gene (BSP) (77, 78). The mRNA
levels of Collal and Postn were examined by Northern blot
analyses in the three Hoxal ES cell lines and in AB1 ES cells
in order to validate our microarray results. RA increased the
Collal mRNA levels in Hoxal-1 ES cells by about 16-fold at
72 h and 23-fold at 96 h, with respect to untreated Wt cells. In
Hoxal ™~ cells only 3- and 4-fold increases in Collal mRNA
levels were observed after RA treatment for 72 and 96 h,
respectively (Fig. 5A, lanes 27, 28, quantitation in Fig. 5B).
Thus, the differences in Collal mRNA levels between Hoxal-
1*/* and Hoxal-15"'" ES cells were about 5-fold at 72 h and
about 6-fold at 96 h after RA addition, which correlates with
the results obtained from the microarray assays (see Table I).

Northern blot analyses also demonstrated that the expres-
sion of Postn, whose gene product is a secreted protein involved
in cell adhesion and differentiation of osteoblasts (70-72), was
increased in Wt and in Hoxal heterozygous ES cells 10- and
16-fold by RA at 72 and 96 h, respectively (Fig. 5A, lanes 13, 14
and lanes 20, 21, quantitation in Fig. 5B). In contrast, only
4—6-fold increases in Postn mRNA levels were observed after
RA treatment in Hoxal ™/~ cells (Fig. 5A, lanes 27, 28, quanti-
tation in Fig. 5B). These results implicate the activity of Hoxal

“ Average of two experiments.

during the initial steps in the RA-induced differentiation of ES
cells toward a chondrogenic and/or osteogenic pathway.

Putative Target Genes Inhibited by HoxaIl—Microarray anal-
yses identified a number of genes that exhibited increased
expression in Hoxal-15""" ES cells as compared with Hoxal-
1*/* cells, which suggests that these genes are normally re-
pressed by the Hoxal protein. From this group of genes (see
Table II), Hoxc9 (79-81) and RAE3 (82) were selected for
further examination by Northern blot analyses. Hoxc9 was
expressed at low levels in both Hoxal-1""* and Hoxal-37/~ ES
cell lines (Fig. bA, lanes 8-14 and 15-21), and after treatment
with RA for 72 or 96 h, the mRNA levels increased by about
2-3-fold (Fig. bA, lanes 13, 14 and lanes 20, 21, quantitation in
Fig. 5B). A significant increase (p < 0.05) in Hoxc9 mRNA
levels was observed in Hoxal-15""" ES cells treated with RA
for 48 to 96 h (about 4-5-fold with respect to Hoxal-1-un-
treated controls) (Fig. 5A, compare lanes 26-28 versus lanes
12-14; also see quantitation in Fig. 5B).

The RAE3 gene was found to be directly activated by RA in
cells of the hematopoietic lineage (82). Our microarray assays
showed that this gene was up-regulated in Hoxal-15~'~ ES
cells compared with Hoxal-17'* cells. RAE3 was expressed at
very low levels in AB1, Hoxal-1"/*, and Hoxal-3"~ ES cells
(Fig. bA, lanes 1-21). No increase in RAE3 mRNA levels by
retinoic acid treatment was observed in these cell lines. In
contrast, RAE3 mRNA was highly expressed in Hoxal-157/~
cells even before RA treatment (about 6-fold higher than in the
Hoxal-1-untreated control cells) (Fig. 5A, lanes 22, 23 versus
lanes 8, 9). At 48 h after the addition of RA, a significant
increase of RAE3 mRNA levels was observed in Hoxal-157/~
ES cells (more than 10-fold with respect to Hoxal-1"* un-
treated controls) (quantitation in Fig. 5B). In summary, no
effect of RA on RAE3 mRNA expression was observed in
Hoxal-1""" or Hoxal-3*/~ ES cell lines, but RA increased
RAE3 mRNA levels in Hoxal-15"" cells.

The mRNA levels of additional genes that exhibited in-
creased expression in Hoxal ™~ ES cells were examined by
Northern blot analyses (e.g. Col4al, Foxa2/Hnf3B, Foxql,
LamAl1l, and Kif5; Fig. 5C) or by RT-PCR (Gbx2, M-Ras, and
Sox17; Fig. 5D). Interestingly, Sox17, Col4al, Foxa2, and
LamAl are known markers of endodermal differentiation,
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which suggests that in the absence of Hoxal, ES cells commit
to an endodermal lineage after treatment with RA.

Hoxal Plays a Role in the Antiproliferative Effect of RA on ES
Cells—To continue with the characterization of the Hoxal
knockout ES cells, we compared their proliferative capacity in
the presence of RA treatment to that of Hoxal wild-type or
Hoxal heterozygous ES cells. Although it has been reported
that Hoxal is required for correct neuronal differentiation in
mice (83) and that the overexpression of Hoxal in zebrafish
results in alterations similar to those observed after RA treat-
ment of fertilized eggs (84), whether Hoxal plays a role during
the RA-induced ES cell differentiation and/or inhibition of cell
growth has not been determined. For the proliferation analy-
ses, EMC-ES-Hoxal-1, -3, and -15 cells were treated for 96 h
with various concentrations of RA (1 X 1072, 1 X 1078 1 X
1077,5x 1077 and 1 X 10~ % M) in triplicate wells and counted
as described under “Materials and Methods.” These assays
demonstrated that EMC-ES-Hoxal-15 (Hoxal /") cells were
more resistant to the growth inhibitory effects of RA than
EMC-ES-Hoxal-1 (Hoxal™") and EMC-ES-Hoxal-3 cells
(Hoxal*’™) (Fig. 6). These results suggest that the Hoxal pro-
tein plays a role in the RA-induced inhibition of proliferation in
ES cells.

Oct 3/4 and Bmp4 mRNA Levels Are Higher in RA-treated
Hoxal '~ ES Cells—Because Hoxal-15"/" ES cells showed a
differential proliferative response to RA with respect to both
wild-type and heterozygous ES cells, we next sought to inves-
tigate this differential response at the molecular level by as-
sessing the effects of RA on the expression of the ES stem cell
markers Fgf4 (85—-87) and Oct3/4 (88, 89) by Northern blot
analysis. We also examined the expression levels of Bmp4
because its expression has been shown to decrease during the
transition from ES cells to epiblast (90), and its gene product
has been implicated in the self-renewal of ES cells (91). RA
inhibited the expression of Fgf-4 by more than 2-fold in all
three cell lines in a time-dependent manner (Fig. 7A), but no
differences in Fgf-4 mRNA levels were observed by quantita-
tive analysis among the different ES cell lines, with the excep-
tion of a decrease in Fgf4 mRNA levels (<2-fold) at 96 h plus
RA in both Hoxal-3"~ and Hoxal-15""" cells, as compared
with wild-type ES cells (Fig. 7D, samples 12, 18 versus sample
6). However, 3—4-fold higher Oct3/4 mRNA levels were ob-
served in the ES-Hoxal-15"'" cells compared with Hoxal-1""*
or Hoxal-3™" cell lines after RA treatment for 48 to 96 h (Fig.
7B, lanes 5-7 versus 19-21). The differential down-regulation
of Oct3/4 mRNA expression in response to RA in Hoxal-15 cells
versus Hoxal-1 or Hoxal-3 cell lines was demonstrated by
quantitative analysis from three different RNA preparations
(Fig. 7D, samples 5-7 and samples 12-14 versus samples
19-21).

Higher levels of Bmp4 mRNA expression were also detected
in Hoxal-15""" cells than in Hoxal-1*/" ES cells (Fig. 7C). The
levels of Bmp4 mRNA were 6-fold higher in Hoxal-null ES cells
than in Wt ES cells (Fig. 7D, samples 1-3 versus samples 7-9).
Moreover, in both cell lines, RA induced a time-dependent
down-regulation of Bmp4 mRNA. Taken together, these results
suggest that the Hoxal protein may play a role in the RA-
induced differentiation of ES cells toward specific cell lineages.

Expression of the ES Stem Cell Markers Fgf4, Oct3/4, and
Rex1 in the ES Cell Lines Cultured with or without LIF—It has
been reported by Niwa et al. (92) that a specific level of Oct3/4
is required to maintain pluripotency in ES cells. A decrease in
Oct3/4 expression leads to dedifferentiation to trophectoderm,
whereas a less than 2-fold increase promotes differentiation
into primitive endoderm and mesoderm. Another factor which
modulates ES cell renewal and differentiation is the LIF (93).
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In fact, when cultured in the absence of LIF, murine ES cells
differentiate and give rise to a variety of cell types, including
cells of the hematopoietic, cardiac, and neuronal cell lineages
(94, 95). In addition, our laboratory has demonstrated that RA
can override the self-renewing effects of LIF on ES cells, par-
tially by down-regulating the expression of the LIF receptor
(LIFR) (34, 96). Because higher levels of Oct3/4 mRNA expres-
sion after RA treatment were observed in Hoxal ™~ ES cells
than in the other ES cell lines, we hypothesized that Hoxal
may be involved in the RA-induced differentiation of ES cells
grown in monolayer. In order to test this hypothesis, EMC-ES-
Hoxal-1™" and EMC-ES-Hoxal-15""" cells were cultured in
the presence or absence of LIF, and plus or minus RA for
different periods of time. After harvesting and total RNA ex-
traction, the expression of different ES markers was examined
by Northern blot analysis.

We first examined the expression of the ES cell marker Rex1
(Fig. 84) (97), which we previously showed was transcription-
ally inhibited by RA (98). Quantitative analysis demonstrated
that in the presence of LIF and after 12 and 24 h with RA,
Hoxal-15""" ES cells expressed between 1.5- and 2-fold higher
levels of RexI mRNA than Hoxal-1*/" ES cells (Fig. 8B, sam-
ples 4, 5 versus samples 16, 17). No significant differences
among the two cell lines after RA treatment were observed in
the absence of LIF (Fig. 8B, samples 10-12 versus samples
22-24).

We next examined Fgf4, and we observed that LIF removal
resulted in the down-regulation of Fgf4 mRNA expression in
both ES cell lines at 72 h (Fig. 84, lane 3 versus lane 9, and lane
15 versus lane 21). Similarly, treatment with RA in the pres-
ence of LIF resulted in the down-regulation of Fgf4 mRNA
levels in both cell lines (Fig. 84, lanes 1-3 versus lanes 4—6 and
lanes 13-15 versus lanes 16-18). Quantitative analyses dem-
onstrated that no further decrease in Fgf4 mRNA was achieved
when either wild-type or Hoxal ’~ ES cells were cultured in
the presence of RA and in the absence of LIF at early times
(Fig. 8B, samples 4—6 versus samples 10-12). However, a 5-fold
decrease in Fgf4 mRNA levels was observed in Hoxal-15"/~ ES
cells at 72 h, as compared with RA treatment plus LIF (Fig. 8B,
sample 18 versus sample 24).

LIF removal resulted in the down-regulation of Oct3/4
mRNA levels in both Hoxal wild type and Hoxal-null cells
either with or without RA treatment (Fig. 84, lanes 1-6 versus
lanes 7-12 and lanes 13-18 versus lanes 19-24). In addition,
higher levels of Oct3/4 mRNA were observed in Hoxal-157"~
cells than in Hoxal-1 (Wt) cells after RA treatment (Fig. 84,
lanes 4—6 versus lanes 16—18), LIF withdrawal only (Fig. 84,
lanes 7-9 versus 19-21), or RA treatment plus LIF removal
(Fig. 84, lanes 10-12 versus lanes 21-24). Thus, the Hoxal-
157/~ ES cells cultured without LIF express higher levels of
Oct3/4 mRNA than Hoxal-1 (Wt) cells that have been cultured
in the absence of the cytokine.

Expression of Fgf5, Gata4, and Dab2 in EMC-ES-Hoxal Cell
Lines with or without LIF—The characterization of the
Hoxal™’~ ES cells by microarray analyses suggested that these
cells preferentially differentiate along the endodermal pathway
following treatment with RA. As the next step in the charac-
terization of our Hoxal™~ ES cells, we sought to investigate
whether the differentiation of Hoxal-1™" versus Hoxal-15""~
ES cell lines gave rise to different cell lineages after RA treat-
ment and/or LIF removal. First, the expression of a differenti-
ation marker expressed in the primitive ectoderm of the early
embryo but not in ES cells, Fgf-5 (99-102), was examined in
Hoxal-1"" versus Hoxal-15""" ES cells cultured in the pres-
ence or absence of LIF, and with or without RA treatment (Fig.
8A). A 4-fold induction of Fgf-5 expression (Fig. 8B) was ob-
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Fic. 6. Proliferation responses of ES cell lines to different
concentrations of RA. Cells were plated in the presence of LIF on
12-well plates at a density of 1 X 104 cells/well. The day after plating,
cells were treated with various doses of RA (1 X 1072, 1 X 1075, 1 X
10775 X 1077, and 1 X 10 ¢ M) or with ethanol (vehicle) for 96 h. The
results are plotted as the percentage of cell growth versus the dose of RA
(M, molar). The statistical analysis was performed using the software
program GraphPad Prism Version 4.0. Data points, means of triplicate
samples; bars, S.D. In most cases, symbol points are larger than the
S.D. Significance (p < 0.05) is shown by an asterisk (¥).

served in Wt ES cells at 24 h after LIF removal and without RA
treatment, whereas a 6-fold increase in Fgf5 mRNA expression
in Wt cells occurred at 72 h. In contrast, only a slight (< 2-fold)
induction of Fgf-5 mRNA was observed in Hoxal-15"'" cells at
24 and 72 h after LIF removal (Fig. 84, lanes 8, 9 versus lanes
20, 21). In both cell lines, Fgf-5 mRNA expression was inhibited
by RA. Thus, because the neuroectoderm arises from the prim-
itive ectoderm (103) and in ES cells the sustained expression of
Fgf5 is an indicator of neuroectodermal differentiation (104),
these results suggest that Hoxal-null ES cells possess a re-
duced capacity to differentiate into neuroectoderm when cul-
tured in the absence of LIF.

Because the ES-Hoxal /" cells showed a higher level of
Oct3/4 than wild-type cells after RA treatment and showed a
decreased capacity to express the ectodermal marker Fgf5, it is
possible that the Hoxal-15""" ES cells preferentially differen-
tiate along the endodermal or mesodermal pathways upon LIF
removal. To test the first possibility, the expression of the early
(extraembryonic) and late (embryonic) endodermal marker
Gata-4 (38, 105, 106) was examined in Wt versus Hoxal '~ ES
cells treated with RA or vehicle alone and in the presence or
absence of LIF. Low levels of Gata4 mRNA were detected in

Fig. 5. Expression of putative Hoxal target genes in EMC-ES-
Hoxal-1 versus EMC-ES-Hoxal-15 ES cell lines. A, total RNA pre-
pared from AB1 or EMC-ES-Hoxal cell lines treated with RA or ethanol
vehicle in the presence of LIF were subjected to Northern blot analysis
and probed with various potential Hoxal target genes shown in Tables
I and II. AB1, a well characterized mouse ES cell line, was included for
comparison to our C57B1/6 ES cell lines. AB1, Hoxal-1*/*, and Hoxal-
3%/~ ES cell lines showed similar patterns of gene expression. Collal,
~4.7 kb; Osf2, ~3.1 kb; Nnat, ~1.2 kb; Wisp1, connective tissue growth
factor-related protein (~5 kb); RAE3, retinoic acid-inducible E3 (~2.4
kb); Hoxc9, Homeobox C9 (~1.7 kb). One representative Northern blot
is shown, although the experiments were performed three times with
different RNA preparations with similar results. B, quantitation of the
mRNA levels of putative Hoxal target by phosphorimager analysis
from three independent experiments. Northern blots were normalized
to GAPDH mRNA levels, and the data are shown as fold increase with
the relative mRNA levels for the 48 h controls expressed as the unit.
Quantitation results for the AB1 ES cell line are not shown. *, signifi-
cant (p < 0.05). **, very significant (p < 0.001). C, additional Northern
blot analyses of genes that exhibited an increased expression in Hoxal-
15/~ ES cells by microarray analyses. Col4al, procollagen type IV ol
(~7.6 kb); Foxa2, forkhead-related protein a2 (previously HNF3j;
~2kb); Foxq1, forkhead-related protein q1 (~3.4 kb); Kif5, Kruppel-like
factor 5 (~1.7 kb); LamA1, ~9.5 kb. D, additional validation of the
microarray results by RT-PCR in Hoxal-1 (Wt) versus Hoxal-15"'~ ES
cells treated with RA for 0, 24, or 48 h. These assays were repeated with
similar results obtained.



Hoxal Knockout ES Cells 16493

A EMC-ES-Hoxal-1 (Wt)  EMC-ES-Hoxal-3(+/-) EMC-ES-Hoxal-15 (-/-)

1M RA 1 uM RA 1uM RA
3 3 9#*%.’!39.’13

(T~ 02
..Qoo- ..- R 1 LEEE

Gapdh g S B B AT AR e a s
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

B EMC-ES-Hoxal-1 (Wt) EMC-ES-Hoxal-3(+/-) EMC-ES-Hoxal-15 (/)
1uM RA 1 uM RA 1 uM RA
Pfoaxensifoicsrsiliocan

o11s BB - - - -.-n-

Copih oy g BB R RS RS RES S ---

Fic. 7. Expression of ES differenti- 1 2 3 4 5 6 7 8 910 11 12 13 1415 16 17 18 19 20 21
ation markers in EMC-ES-Hoxal cell
lines cultured plus or minus RA and
plus LIF. A, Northern blot analysis of the

expression of Fgf4 (transcript size ~3.5 c

kb) in EMC-ES-Hoxal cells after treat- EMC-ES-Hoxal-1 (Wt) EMC-ES-Hoxal-15 (-/-)
ment with RA or ethanol vehicle (controls,

Ctl) for various time points as described Controls 1 uM RA Controls 1 uM RA
under “Materials and Methods.” Cells

were cultured plus LIF in these experi- 3 ¥F R 3 ¥ B X ® @ 2 ¥ 8
ments. The levels of Gapdh mRNA are

shown to control for the amount of RNA Bmp4 o . . - - -
loaded per lane. B, expression of Oct3/4

(~1.3 kb) in the cell lines after RA treat- Gapdh W W0 . S an BB AR s WS -
ment. C, expression of Bmp4 (~1.2 kb) in 1 2 3 4 5 6 7 8 9 10 1 12

Hoxal-1 (Wt) versus Hoxal-15"'" ES cell
lines after RA treatment. D, quantitation

of Northern blots for Fgf-4, Oct3/4, and D

Bmp4 after normalization to Gapdh

mRNA levels. Only one of the Northern Fgf4

blots is shown in A, B, and C, but the data . []cti 48 hrs

in D are from three repetitions with dif- 5 3 8 ] RA 12 hrs

ferent RNA preparations. The mRNA lev- 5& 19 i e g
prep CE < ol BRA 48 hrs

els for the 48-h controls were used to de- $02% o8 i RA 72 hrs

termine the fold change. *, significant § S € 08 HRA 96 hrs

(p < 0.05). **, very significant (p < 0.001). cE 04

Statistical analyses were performed using 0.2 % E' I

M

Hoxa1-1 Hoxa1-3 Hoxa1-16

the computer software GraphPad 4.0. 0.0

ENERIEE
Iz
decdaadad

Relative Oct 3/4
mRNA/GAPDH
mRNA

Bmp4 [Ct 24 hrs

E;]ﬁcnann

T 6 Cti 72 hrs

‘&E ERA 24 hrs

1P RA 48 hrs

° O §4 BRA 72 hrs
HE
et 2

E[JI[.Z‘ ki L-

Hoxa1-1 Hoxa1-15

Hoxal-1"" ES cells treated with vehicle only in the presence of  cells under the same conditions (Fig. 84, lane 13, and B, sample
LIF (Fig. 84, lane 1 and B, sample I). In contrast, Gata4 13). Treatment of Hoxal-1*/" ES cells with RA for 72 h in-
expression levels were about 3-fold higher in Hoxal-15~~ ES  creased the expression of Gata4 mRNA by 2-fold in the pres-



16494
A

Rexl
Gapdh
Fgf4
Oct 3/4
Fgfs
Gatad
Dab2
Gapdh

Relative Rex1
mRNA/GAPDH
mRNA

Relative Oct3/4
mRNA/GAPDH
mRNA

Hoxal Knockout ES Cells

EMC-ES-Hoxal-1 (Wt)

EMC-ES-Hoxal-15 (-/-)

+LIF

-LIF

+LIF -LIF

cO8CE3EcOCE3EC8bE3Ec8C0ESE

NERETe SRe-

oPcece oe-c- wowe-

R R B

_ - e

—-aees s=sce

- - -

L e L eeem--—--

S L L L L L L L

12 3 45 6 7 89 10 11 12 13 1415 16 17 18 1920 2122 2324

Fonaf-H Hoxa1-15

-LIF

Gata4 IC12hrs
' C24hrs
<« 18 H C72hrs
g & | RE
< 4, . rs
0%312 * BRA 72 hrs
> =10
£<E -
o X ' o1
x E g I - ‘:]‘IE;
2| anilaatdll [EREE
-LIF -LIF
Hoxa1-1 Hoxa1-15

Relative Fgf4
mRNA/GAPDH
mRNA

iF 0 F
Hoxa1-1 Hoxa1-15

Fgf5

Relative Fgf5
mRNA/GAPDH
mRNA
O = N WbHsb OO N

-LIF -LIF

Hoxa1-1 Hoxa1-15

Dab2

mRNA
s
S o

Relative Dab2
mRNA/GAPDH
g w

-LIF -LI

Hoxa1-1 Hoxa1-15

Fic. 8. Expression of ES differentiation markers in EMC-ES-Hoxal cell lines cultured +LIF and +RA. A, Northern blot analysis of
lineage differentiation markers in ES cell lines cultured in the presence or absence of LIF, and plus or minus RA. B, quantitation of Northern blots
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ectodermal marker. Gata4 (~3.4 kb) and Dab2 (~3.3 kb): endodermal markers. Northern blots were performed using three different RNA
preparations with similar results. Quantitations were performed with GraphPad Prism 4.0. *, significant (p < 0.05). **, very significant (»p < 0.001).
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ence of LIF (Fig. 84, lane 6). Remarkably, a 14-fold increase in
Gata4 mRNA expression was observed in Hoxal-15"'" ES cells
after treatment with RA for 72 h as compared with RA-treated
Hoxal-1"" ES cells (Fig. 84, lane 18 versus lane 6; Fig. 8B,
sample 18 versus sample 6). Induction by RA of Gata4 mRNA
expression was observed in the absence of LIF in both ES cell
lines but in general, these levels were lower than in the pres-
ence of LIF (Fig. 8B, sample 6 versus sample 12, and sample 18
versus sample 24).

The gene encoding the signal transduction adapter protein
Disabled-2 (Dab2) is another marker for early and late
endodermal differentiation and its expression has been shown
to be regulated by Gata4d and Gata6 (107). Because Gata4
expression was up-regulated in Hoxal-15"/" versus Hoxal-
1*/* ES cell lines, we examined the expression of Dab2 in these
ES cell lines cultured with or without LIF and plus or minus
RA. As seen in Fig. 8A (lanes 1-12) little to no Dab2 mRNA
expression was detected in Wt ES cells. However, about 10—
20-fold higher Dab2 mRNA levels were detected in Hoxal ™/~
ES cells in the absence of RA-treatment plus LIF (Fig. 84, lanes
1-3 versus lanes 13-15; 8B, samples 1-3 versus samples 13-15).
The greater expression of Dab2 in Hoxal-15"'" cells versus
Hoxal-1 (Wt) cells was further enhanced (up to 50-fold) by the
absence of LIF (Fig. 84, lanes 7-9 versus lanes 19-21). LIF
removal from Hoxal-null cells resulted in an increase in Dab2
mRNA levels (Fig. 8B, samples 13-15 versus samples 19-21).

Taken together, these results suggest that EMC-ES-Hoxal-1
(Wt) ES cells are able to initiate differentiation into neuroec-
toderm (increased Fgf5) when cultured in monolayer without
LIF, whereas EMC-ES-Hoxal-15 (Hoxal /") ES cells may pref-
erentially initiate differentiation along the endodermal path-
way upon LIF removal and/or RA treatment, as suggested by
their high expression of Gata4 and Dab2, as well as Col4al,
Foxa2, LamAl, and Sox17 (see Fig. 5, C and D).

The generation and in-depth characterization of the Hoxal
knockout ES cells described in this work may be of assistance
to researchers in the elucidation of the Hoxal signaling path-
way. These data may also lead to a greater understanding of
the molecular origins of the defects observed in the Hoxal
knockout animals reported in the literature.

DISCUSSION

Low levels of Hoxal expression in Hoxal™'~ Cells Are Suffi-
cient for a Normal Activation of the Hoxal Pathway—Although
the levels of Hoxal mRNA expression after RA treatment in
Hoxal heterozygous (+/—) ES cells were between 3- and 4-fold
lower than in Hoxal-1 (Wt) ES cells under the same conditions,
in general, these two cell lines displayed similar gene expres-
sion profiles as demonstrated by Northern blot assays. A likely
explanation is that the low levels of Hoxal in Hoxal-3™/~ ES
cells that are induced by RA (see Fig. 1D, Hoxal-1*""* versus
Hoxal-3"7; also see Fig. 2B) are sufficient to activate a normal
Hoxal genetic pathway. This hypothesis is in agreement with
the normal phenotype observed in the Hoxal heterozygous
mice (19, 20).

Hoxal™’'~ ES Cells Express Lower Levels of Genes Involved
in the Chondrocyte and/or Osteoblast Differentiation of ES
Cells—Microarray and Northern blot analyses suggest a role
for Hoxal in the expression of various genes involved in the
osteogenic differentiation of ES cells upon RA treatment. These
genes include Collal, Postn/Osf2, and BSP. Our analyses show
that Hoxal may be required for the RA-induced expression of
Postn, a specific marker for preosteoblasts that may also play
an important role in the early stages of fracture healing (71,
108-111). This effect of Hoxal on Postn expression seems to be
contrary to that of Hoxa2, which has been shown to repress the
expression of another osteogenic marker, Runx2 (also called
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Cbfal) in the second branchial arch of mouse embryos (112).
Although the expression of Postn has not been examined in
Hoxal™~ mice, the smaller size of second branchial arch-de-
rived structures in these mutant embryos (19, 20) suggests that
in the domain of Hoxal action, the Hoxal protein may affect
the progress from condensation to initiation of chondrogenesis,
which is the size determining step in the initiation of skeleto-
genesis (113). Because chondrocytes and osteoblasts arise from
mesodermal precursors (95), our results suggest that Hoxal is
involved in some aspects of the mesodermal differentiation of
ES cells in vitro.

Hoxal '~ ES Cells Express Lower Levels of Genes Involved
in the Development of the Nervous System—Our microarray
analyses show that Wt and Hoxal-15"/" cells differentially
express a number of genes whose pattern of expression or
known function implies a role in brain development (Nnat,
Wnt3a, BDNF, RhoB, Gbx2, LamAl, and perhaps WISPI).
Hoxal homozygous mutant embryos have multiple develop-
mental defects but they die at birth because of their failure to
initiate respiration (19, 20). Although it has been reported that
the physiological origin of this defect is the presence of an
ectopic neuronal circuit affecting the respiration-controlling
region in the brain of the mutant embryos (114), little is known
about the molecular causes that lead to the alteration of normal
neurogenesis in this region. The identification by microarray
analyses of the putative Hoxal target gene, BDNF, whose gene
product acts as a neuromodulator of the central rhythmogenic
respiratory circuits (69), may provide an additional clue about
the molecular events involved in the perinatal lethality of the
Hoxal homozygous mice. Analysis of the expression of the
additional brain-related Hoxal putative targets in this region
of the brain in mutant embryos may help to elucidate the
cascade of genetic events that induces the formation of novel
neuronal circuits.

Hoxal '~ ES Cells Are Less Able to Differentiate than Wt ES
Cells upon RA Treatment or LIF Withdrawal—ES cells that
have been induced to differentiate by either LIF removal or RA
treatment give rise to cell populations with diverse lineages
(95). Our results suggest that Wt and Hoxal ™~ ES cells grown
in adherent monolayer culture respond differentially to RA
treatment or LIF removal. Our proliferation analyses, together
with our molecular studies involving RA treatment and/or LIF
removal, suggest that more Hoxal™~ ES cells remain undif-
ferentiated than Wt cells under these conditions. However, an
important difference between these two ES cell lines exists:
whereas Wt cells tend to differentiate toward the neuroecto-
dermal pathway in the absence of LIF, Hoxal ™/~ ES cells show
a decreased ability to differentiate along this lineage since they
express very low levels of Fgf5 after LIF removal. Furthermore,
our microarray assays, together with Northern blot and RT-
PCR analyses, indicate that Hoxal™~ ES cells express higher
levels of a number of known endodermal markers (Sox17,
Gata4, Dab2, and LamA1 among others) than Wt cells, which
suggests that Hoxal-15"'~ ES cells, cultured under differenti-
ating conditions, most likely follow an endodermal pathway.
Interestingly, some of the genes that exhibited increased ex-
pression in Hoxal-15"'" ES cells, as shown by Northern blot
assays and microarray analyses, have also been identified as
genes positively regulated by RARB in F9 teratocarcinoma
stem cells by this laboratory (e.g. Dab2, PDGFR«, and Gata
family members) (41). Because we have genetic evidence that
an increase in HoxaI gene expression by RA occurs through the
action of the RARy nuclear receptor (17, 115), these observa-
tions suggest opposing roles for RARB and RARy during the
differentiation of stem cells into endodermal precursors. It
would be of interest to examine this further by using specific
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RARB agonists to explore the RARB signaling pathway in
Hoxal-15""" ES cells.

Hoxal™ '~ Cells Express Higher Bmp4 mRNA Levels than Wt
ES Cells—The observation that Bmp4 is a target of Gata4 and
Gata6 (116) may explain the high levels of Bmp4 mRNA ob-
served in the Hoxal ™/~ ES cells. In addition, the high Bmp4
mRNA levels observed in Hoxal™~ ES cells may result from
the greater number of ES cells that remain undifferentiated
after RA treatment in Hoxal ™ versus Wt cells. The observa-
tion that Bmp4 mRNA levels are higher in cells that do not
express the Hoxal protein is in accord with previous results by
this laboratory, which showed that overexpression of Hoxal in
mouse F9 cells resulted in the specific down-regulation of a
group of genes, including Bmp4 (28), although to date is not
known whether the Bmp4 gene is directly regulated by Hoxal.
Although Hoxal™’~ ES cells express higher levels of Bmp4
mRNA than Wt cells, our microarray assays did not identify
any of the BMP4 mesodermal targets (e.g. Msx-1, Msx-2, and
Id genes) (117) as differentially expressed among Hoxal-1"/*
and Hoxal-15""" ES cells. We speculate that the reason for
this is that endodermal markers expressed at high levels
repress the Bmp4 signaling pathway involved in mesodermal
differentiation.

Neuroectodermal versus Endodermal Differentiation in
Hoxal '~ ES Cells—Taken together, our data demonstrate the
generation and detailed characterization of Hoxal-null ES cells
that may be of further utility in the study of the Hoxal signal-
ing pathway in vitro. Our data also suggest that Hoxal may
regulate the neuroectodermal and mesodermal differentiation
of ES cells and that these actions of the Hoxal protein may be
exerted, at least in part, by repression of the expression of
important regulators of endodermal differentiation (see model
in Fig. 9). We speculate that in the absence of Hoxal, the
increased expression of endodermal genes by RA (e.g. Gata4)
(38) would lead to the repression by their gene products of
neuroectodermal and mesodermal markers. The model in Fig. 9
may also explain why Fgf5 fails to be up-regulated in vehicle-
treated Hoxal-15"'" cells after LIF withdrawal: low retinoid
levels from the serum in the culture medium may be responsi-
ble for the activation of endodermal-specific gene expression
(e.g. Gata4, Dab2, Sox17). The activation of endodermal gene
expression, which in wild-type cells would normally be re-
pressed by the low Hoxal levels induced by serum retinoids,
would result in a decrease of Fgf5 mRNA levels and repression
of neuroectodermal differentiation in Hoxal-null cells.

This hypothesis concerning the repression of neuroectoder-
mal differentiation in ES cells by endodermal proteins is sup-
ported by the observation that the forced expression of the
endodermal gene Sox17 in ectodermal animal caps of Xenopus
embryos resulted in the endodermal differentiation of this
structure (118). In addition, two endodermal factors, Dab2 and
Sox17, can directly inhibit the Wnt signaling pathway, which
has been shown to play important roles during the develop-
ment of the vertebrate nervous system (59, 61, 62, 119-121)
and during the neural differentiation of ES cells in vitro (63).
Because our microarray analyses (see Table I and Fig. 5) indi-
cate that two members of the Wnt signaling pathway, Wnt3a
and WISP1, exhibit decreased mRNA expression levels in the
Hoxal™~ ES cells, high expression of endodermal markers
may interfere with the activation of Wnt signaling and perhaps
with the ability of these cells to produce neuroectodermal pro-
genitors upon RA treatment, which is in accord with our pro-
posed model for the action of Hoxal during ES differentiation.

Although the expression of Hoxal comprises a broad ectoder-
mal and mesodermal domain in the early embryo (15, 122, 123),
the targeted inactivation of both Hoxal alleles affects only
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Fic. 9. Proposed model for the regulation of ectodermal and
mesodermal versus endodermal markers by different signaling
pathways in ES cells. In this model, activation of Hoxal by RA, acting
through RARYy, would repress the RARB-induced endodermal differen-
tiation of ES cells and promote or maintain the RA-induced differenti-
ation of ES cells toward a neuroectodermal and/or mesodermal lineage.
Hoxal would act as a repressor of RA-responsive endodermal genes
(Sox17, Gata4, Dab2, and LamAl, among others). In the absence of
Hoxal, the protein products of these RA-induced endodermal genes
would act as repressors of neuroectodermal and mesodermal ES differ-
entiation. The question marks in the open arrows indicate that it is not
yet known whether the genes identified by the microarray analyses are
direct targets of Hoxal. Thus, this model suggests a role for Hoxal as a
positive regulator of neuroectodermal and/or mesodermal differentia-
tion of ES cells and a repressor of RA-induced endodermal differentia-
tion of ES cells in vitro.

anterior structures. An explanation for this limited effect relies
upon the concept of posterior dominance, which postulates that
the main site of individual Hox gene action is in the most
anterior subdomain of their expression (5, 124, 125). Consistent
with this, the proposed action of Hoxal as a repressor of em-
bryonic endoderm formation and a stimulator of neuroectoder-
mal and mesodermal differentiation would take place only at
its most anterior subdomain of expression: the prospective
rhombomere 4. An alteration in the balance between neuroec-
todermal/mesodermal and endodermal commitment in this
part of the embryo would then result in the rhombomere mis-
specifications observed in the Hoxal mutant mice (19-22).

Acknowledgments—We thank Karl Eklund for technical assistance
in the preparation of this manuscript, and Siming Chen, Yong Zhuang,
and Xiaohan Tang for expert advice with tissue culture, Northern blot
analysis, and RT-PCR.

REFERENCES

1. Deschamps, J., and Meijlink, F. (1992) Crit. Rev. Oncog. 3, 117-173

2. Means, A. L., and Gudas, L. J. (1995) Annu. Rev. Biochem. 64, 201-233

3. Capecchi, M. R. (1997) Cold Spring Harb. Symp. Quant. Biol. 62, 273-281

4. Cillo, C., Cantile, M., Faiella, A., and Boncinelli, E. (2001) J. Cell. Physiol. 188,
161-169



oot

14.
15.

16.

17.

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.

Hoxal Knockout ES Cells

. Duboule, D., and Morata, G. (1994) Trends Genet. 10, 358 -364
. Chambeyron, S., and Bickmore, W. A. (2004) Genes Dev. 18, 1119-1130
. Simeone, A., Acampora, D., Arcioni, L., Andrews, P. W., Boncinelli, E., and

Mavilio, F. (1990) Nature 346, 763766

. Stornaiuolo, A., Acampora, D., Pannese, M., D’Esposito, M., Morelli, F., Migli-

accio, E., Rambaldi, M., Faiella, A., Nigro, V., Simeone, A., and Boncinelli,
E. (1990) Cell Differ. Dev. 31, 119-127

. Mavilio, F. (1993) Eur. J. Biochem. 212, 273-288
10.
11.
12.
13.

LaRosa, G. J., and Gudas, L. J. (1988) Proc. Natl. Acad. Sci. 85, 329-333

LaRosa, G. J., and Gudas, L. J. (1988) Mol. Cell. Biol. 8, 3906-3917

Langston, A. W., and Gudas, L. J. (1992) Mech. Dev. 38, 217-228

Langston, A. W., Thompson, J. R., and Gudas, L. J. (1997) «J. Biol. Chem. 272,
2167-2175

Frasch, M., Chen, X., and Lufkin, T. (1995) Development 121, 957-974

Dupé, V., Davenne, M., Brocard, J., Dollé, P., Mark, M., Dierich, A., Chambon,
P, and Rijli, F. M. (1997) Development 124, 399-410

Thompson, J. R., Huang, D. Y., and Gudas, L. J. (1998) Cell Growth Diff. 9,
969-981

Boylan, J. F., Lohnes, D., Taneja, R., Chambon, P., and Gudas, L. J. (1993)
Proc. Natl. Acad. Sci. U. S. A. 90, 9601-9605

Krumlauf, R. (1994) Cell 78, 191-201

Lufkin, T., Dierich, A., Le Meur, M., Mark, M., and Chambon, P. (1991) Cell
66, 1105-1119

Chisaka, O., Musci, T. S., and Capecchi, M. R. (1992) Nature 355, 516520

Carpenter, E. M., Goddard, J. M., Chisaka, O., Manley, N. R., and Capecchi,
M. R. (1993) Development 118, 1063—1075

Mark, M., Lufkin, T., Vonesch, J. L., Ruberte, E., Olivo, J. C., Dolle, P., Gorry,
P., Lumsden, A., and Chambon, P. (1993) Development 119, 319-338

Gavalas, A., Studer, M., Lumsden, A., Rijli, F. M., Krumlauf, R., and Cham-
bon, P. (1998) Development 125, 1123-1136

Studer, M., Gavalas, A., Marshall, H., Ariza-McNaughton, L., Rijli, F. M.,
Chambon, P., and Krumlauf, R. (1998) Development 125, 1025-1036

Rossel, M., and Capecchi, M. R. (1999) Development 126, 5027-5040

Barrow, J. R., Stadler, H. S., and Capecchi, M. R. (2000) Development 127,
933-944

Zhang, M., Kim, H. J., Marshall, H., Gendron-Maguire, M., Lucas, D. A,,
Baron, A., Gudas, L. J., Gridley, T., Krumlauf, R., and Grippo, J. F. (1994)
Development 120, 2431-2442

Shen, J., Wu, H., and Gudas, L. J. (2000) Exp. Cell Res. 259, 274—-283

Shen, J., and Gudas, L. J. (2000) Cell Growth Differ. 11, 11-17

Chalepakis, G., Wijnholds, J., Giese, P., Schachner, M., and Gruss, P. (1994)
DNA Cell Biol. 13, 891-900

Chen, J., and Ruley, H. E. (1998) J. Biol. Chem. 273, 2467024675

Di Rocco, G., Gavalas, A., Popperl, H., Krumlauf, R., Mavilio, F., and Zappa-
vigna, V. (2001) J. Biol. Chem. 276, 2050620515

Auerbach, W., Dunmore, J. H., Fairchild-Huntress, V., Fang, Q., Auerbach,
A. B,, Huszar, D., and Joyner, A. L. (2000) BioTechniques 29, 1024-1028,
1030, 1032

Chen, A. C., and Gudas, L. J. (1996) J. Biol. Chem. 271, 14971-14980

Chen, A. C., Yu, K, Lane, M. A,, and Gudas, L. J. (2003) Arch Biochem.
Biophys. 411, 159-173

Hosler, B. A, LaRosa, G. J., Grippo, J. F., and Gudas, L. J. (1989) Mol. Cell.
Biol. 9, 5623-5629

Wozney, J. M., Rosen, V., Celeste, A. J., Mitsock, L. M., Whitters, M. J., Kriz,
R. W, Hewick, R. M., and Wang, E. A. (1988) Science 242, 1528-1534

Arceci, R. J., King, A. A., Simon, M. C., Orkin, S. H., and Wilson, D. B. (1993)
Mol. Cell. Biol. 13, 2235-2246

Sasaki, M., Kleinman, H. K., Huber, H., Deutzmann, R., and Yamada, Y.
(1988) J. Biol. Chem. 263, 16536—16544

Wang, S. Y., and Gudas, L. J. (1983) Proc. Natl. Acad. Sci. U. S. A. 80,
5880-5884

Zhuang, Y., Faria, T. N., Chambon, P., and Gudas, L. J. (2003) Mol. Cancer
Res. 1, 619-630

Dollé, P., Lufkin, T., Krumlauf, R., Mark, M., Duboule, D., and Chambon, P.
(1993) Proc. Natl. Acad. Sci. 90, 76667670

Di Rocco, G., Mavilio, F., and Zappavigna, V. (1997) EMBO J. 16, 3644-3654

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

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

Knoepfler, P. S., Lu, Q., and Kamps, M. P. (1996) Nucleic Acids Res. 24,
2288-2294

Nakamura, T., Jenkins, N. A., and Copeland, N. G. (1996) Oncogene. 13,
2235-2242

Shen, W. F., Montgomery, J. C., Rozenfeld, S., Moskow, J. J., Lawrence, H. J.,
Buchberg, A. M., and Largman, C. (1997) Mol. Cell. Biol. 17, 6448—6458

Qin, P., Haberbusch, J. M., Soprano, K. J., and Soprano, D. R. (2004) J. Cell.
Biochem. 92, 147-163

Otte, A. P., and Kwaks, T. H. (2003) Curr. Opin. Genet. Dev. 13, 448—454

Wijnholds, J., Chowdhury, K., Wehr, R., and Gruss, P. (1995) Dev. Biol. 171,
73-84

Joseph, R., Dou, D., and Tsang, W. (1995) Brain Res. 690, 92-98

Pennica, D., Swanson, T. A., Welsh, J. W., Roy, M. A., Lawrence, D. A, Lee, J.,
Brush, J., Taneyhill, L. A., Deuel, B., Lew, M., Watanabe, C., Cohen, R. L.,
Melhem, M. F., Finley, G. G., Quirke, P., Goddard, A. D., Hillan, K. J.,
Gurney, A. L., Botstein, D., and Levine, A. J. (1998) Proc. Natl. Acad. Sci.
U.S. A 95, 14717-14722

Xu, L., Corcoran, R. B., Welsh, J. W., Pennica, D., and Levine, A. J. (2000)
Genes Dev. 14, 585-595

Gavin, B. J., McMahon, J. A., and McMahon, A. P. (1990) Genes Dev. 4,
2319-2332

McMahon, A. P., and Bradley, A. (1990) Cell 62, 1073-1085

McMahon, A. P., Joyner, A. L., Bradley, A., and McMahon, J. A. (1992) Cell 69,
581-595

58.

59.

60.

61.

62.
63.

64.
65.

66.

67.
68.

69.
70.

71.

72.

73.

74.

75.

76.

1.

78.

79.
80.

81.

82.
83.

84.
85.
86.
87.
88.
89.
90.
91.

92.
93.

94.

95.

96.
97.

98.

99.

100.
101.
102.

103.
104.

105.

106.

107.

108.
109.

110.

16497

Chou, A. H., Zheng, S., Itsukaichi, T., and Howard, B. D. (2000) Brain Res.
Mol. Brain Res. 77, 232-245
Castelo-Branco, G., Wagner, J., Rodriguez, F. J., Kele, J., Sousa, K., Rawal, N.,
Pasolli, H. A, Fuchs, E., Kitajewski, J., and Arenas, E. (2003) Proc. Natl.
Acad. Sci. U. S. A. 100, 12747-12752
Roelink, H., and Nusse, R. (1991) Genes Dev. 5, 381-388
Parr, B. A,, Shea, M. J., Vassileva, G., and McMahon, A. P. (1993) Development
119, 247-261
Augustine, K. A,, Liu, E. T., and Sadler, T. W. (1995) Teratology 51, 107-119
Otero, J. J., Fu, W., Kan, L., Cuadra, A. E., and Kessler, J. A. (2004) Devel-
opment 131, 3545-3557
Liu, J. P., and Jessell, T. M. (1998) Development 125, 5055-5067
Henderson, D. J., Ybot-Gonzalez, P., and Copp, A. J. (2000) Mech. Dev. 95,
211-214
Perry, A., Gutmann, D. H., and Reifenberger, G. (2004) J. Neurooncol. 70,
183-202
Vogel, K. S. (1993) Mol. Neurobiol. 7, 363-382
Borday, C., Wrobel, L., Fortin, G., Champagnat, J., Thaeron-Antono, C., and
Thoby-Brisson, M. (2004) Prog. Biophys. Mol. Biol. 84, 89-106
Hempstead, B. L. (2004) J. Clin. Investig. 113, 811-813
Takeshita, S., Kikuno, R., Tezuka, K., and Amann, E. (1993) Biochem. J. 294
(Pt 1), 271-278
Horiuchi, K., Amizuka, N., Takeshita, S., Takamatsu, H., Katsuura, M.,
Ozawa, H., Toyama, Y., Bonewald, L. F., and Kudo, A. (1999) J. Bone Miner.
Res. 14, 1239-1249
Litvin, J., Selim, A. H., Montgomery, M. O., Lehmann, K., Rico, M. C., Devlin,
H., Bednarik, D. P., and Safadi, F. F. (2004) J. Cell. Biochem. 92,
1044-1061
Aigner, T., Dietz, U., Stoss, H., and von der Mark, K. (1995) Lab. Investig. 73,
236-243
Dodig, M., Kronenberg, M. S., Bedalov, A., Kream, B. E., Gronowicz, G., Clark,
S. H., Mack, K., Liu, Y. H., Maxon, R., Pan, Z. Z., Upholt, W. B., Rowe,
D. W., and Lichtler, A. C. (1996) J. Biol. Chem. 271, 16422-16429
Dacic, S., Kalajzic, 1., Visnjic, D., Lichtler, A. C., and Rowe, D. W. (2001)
J. Bone Miner Res. 16, 1228-1236
Kalajzic, 1., Kalajzic, Z., Kaliterna, M., Gronowicz, G., Clark, S. H., Lichtler,
A. C., and Rowe, D. (2002) J. Bone Miner Res. 17, 15-25
Kim, R. H., Shapiro, H. S., Li, J. J., Wrana, J. L., and Sodek, J. (1994) Matrix
Biol. 14, 31-40
Benson, M. D., Aubin, J. E., Xiao, G., Thomas, P. E., and Franceschi, R. T.
(1999) J. Bone Miner Res. 14, 396—405
Suemori, H., Takahashi, N., and Noguchi, S. (1995) Mech. Dev. 51, 265-273
Papenbrock, T., Peterson, R. L., Lee, R. S., Hsu, T., Kuroiwa, A., and Awgule-
witsch, A. (1998) Dev. Dyn. 212, 540-547
Murasawa, H., Takashima, R., Yamanouchi, K., Tojo, H., and Tachi, C. (2000)
Anat. Rec. 259, 383-394
Scott, L. M., Mueller, L., and Collins, S. J. (1996) Blood 88, 2517-2530
Gavalas, A., Ruhrberg, C., Livet, J., Henderson, C. E., and Krumlauf, R. (2003)
Development 130, 5663—-5679
Alexandre, D., Clarke, J. D. W., Oxtoby, E., Yan, Y.-L., Jowett, T., and Holder,
N. (1996) Development 122, 735-746
Rappolee, D. A., Basilico, C., Patel, Y., and Werb, Z. (1994) Development 120,
2259-2269
Yuan, H., Corbi, N., Basilico, C., and Dailey, L. (1995) Genes Dev. 9, 2635-2645
Martin, G. (2001) Bioessays 23, 865—868
Ben-Shushan, E., Thompson, J. R., Gudas, L. J., and Bergman, Y. (1998) Mol.
Cell. Biol. 18, 18661878
Niwa, H. (2001) Cell Struct. Funct. 26, 137-148
Coucouvanis, E., and Martin, G. R. (1999) Development 126, 535-546
Qi, X., Li, T. G., Hao, J., Hu, J., Wang, J., Simmons, H., Miura, S., Mishina, Y.,
and Zhao, G. Q. (2004) Proc. Natl. Acad. Sci. U. S. A. 101, 6027-6032
Niwa, H., Miyazaki, J., and Smith, A. G. (2000) Nat. Genet. 24, 372-376
Zandstra, P. W, Le, H. V., Daley, G. Q., Griffith, L. G., and Lauffenburger,
D. A. (2000) Biotechnol. Bioeng. 69, 607-617
Williams, R. L., Hilton, D. J., Pease, S., Willson, T. A., Stewart, C. L., Gearing,
D. P., Wagner, E. F., Metcalf, D., Nicola, N. A., and Gough, N. M. (1988)
Nature 336, 684—687
Loebel, D. A., Watson, C. M., De Young, R. A., and Tam, P. P. (2003) Dev. Biol.
264, 1-14
Tighe, A. P., and Gudas, L. J. (2004) J. Cell. Physiol. 198, 223-229
Rogers, M. B., Hosler, B. A., and Gudas, L. J. (1991) Development 113,
815-824
Hosler, B. A, Rogers, M. B., Kozak, C. A., and Gudas, L. J. (1993) Mol. Cell.
Biol. 13, 2919-2928
Hebert, J. M., Basilico, C., Goldfarb, M., Haub, O., and Martin, G. R. (1990)
Dev. Biol. 138, 454—463
Haub, O., and Goldfarb, M. (1991) Development 112, 397-406
Murray, P., and Edgar, D. (2001) Differentiation 68, 227-234
Pelton, T. A., Sharma, S., Schulz, T. C., Rathjen, J., and Rathjen, P. D. (2002)
J. Cell Sci. 115, 329-339
Tam, P. P. (1989) Development 107, 55—67
Shimozaki, K., Nakashima, K., Niwa, H., and Taga, T. (2003) Development
130, 2505-2512
Heikinheimo, M., Scandrett, J. M., and Wilson, D. B. (1994) Dev. Biol. 164,
361-373
Fujikura, J., Yamato, E., Yonemura, S., Hosoda, K., Masui, S., Nakao, K.,
Miyazaki Ji, J., and Niwa, H. (2002) Genes Dev. 16, 784-789
Morrisey, E. E., Musco, S., Chen, M. Y., Lu, M. M., Leiden, J. M., and
Parmacek, M. S. (2000) JJ. Biol. Chem. 275, 19949-19954
Han, X., Bolcato, A. L., and Amar, S. (2002) Connect Tissue Res. 43, 63-75
Oshima, A., Tanabe, H., Yan, T., Lowe, G. N., Glackin, C. A., and Kudo, A.
(2002) oJ. Cell. Biochem. 86, 792—804
Kruzynska-Frejtag, A., Wang, J., Maeda, M., Rogers, R., Krug, E., Hoffman,



16

112.

113.
114.

115.

116.
117.

498
S., Markwald, R. R., and Conway, S. J. (2004) Dev. Dyn. 229, 857—-868
. Nakazawa, T., Nakajima, A., Seki, N., Okawa, A., Kato, M., Moriya, H.,
Amizuka, N., Einhorn, T. A., and Yamazaki, M. (2004) J. Orthop. Res. 22,
520-525
Kanzler, B., Kuschert, S. J., Liu, Y. H., and Mallo, M. (1998) Development
125, 2587-2597
Hall, B. K., and Miyake, T. (2000) Bioessays 22, 138147
del Toro, E. D., Borday, V., Davenne, M., Neun, R., Rijli, F. M., and Cham-
pagnat, J. (2001) JJ. Neurosci. 21, 5637-5642
Boylan, J. F., Lufkin, T., Achkar, C. C., Taneja, R., Chambon, P., and Gudas,
L. J. (1995) Mol. Cell. Biol. 15, 843—851
Nemer, G., and Nemer, M. (2003) Dev. Biol. 254, 131-148
Hollnagel, A., Oehlmann, V., Heymer, J., Ruther, U., and Nordheim, A.

(1999) J. Biol. Chem. 274, 19838-19845

118

119.
120.
121.
122.
123.

124.
125.

Hoxal Knockout ES Cells

. Hudson, C., Clements, D., Friday, R. V., Stott, D., and Woodland, H. R. (1997)
Cell 91, 397-405

Avantaggiato, V., Acampora, D., Tuorto, F., and Simeone, A. (1996) Dev. Biol.
175, 347-357

Garcia-Castro, M. 1., Marcelle, C., and Bronner-Fraser, M. (2002) Science
297, 848-851

Riley, B. B., Chiang, M. Y., Storch, E. M., Heck, R., Buckles, G. R., and
Lekven, A. C. (2004) Dev. Dyn. 231, 278291

Sundin, O. H., Busse, H. G., Rogers, M. B., Gudas, L. J., and Eichele, G.
(1990) Development 108, 47-58

Murphy, P., and Hill, R. E. (1991) Development 111, 61-74

McGinnis, W., and Krumlauf, R. (1992) Cell 68, 283-302

Izpisua-Belmonté, J.-C., Tickle, C., Dolle, P., Wolpert, L., and Duboule, D.
(1991) Nature 350, 585-589



	Differences in Gene Expression between Wild Type and Hoxa1 Knockout Embryonic Stem Cells after Retinoic Acid Treatment or Leukemia Inhibitory Factor (LIF) Removal*
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	REFERENCES


