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ABSTRACT ALLI, the human homologue of Drosophila
trithorax, is directly involved in human acute leukemias asso-
ciated with abnormalities at 11q23. Using the differential
display method, we isolated a gene that is down-regulated in
Alll double-knockout mouse embryonic stem (ES) cells. The
gene, designated ARP1 (also termed RIEG, Ptx2, or Otlx2), is
a member of a family of homeotic genes containing a short
motif shared with several homeobox genes. Using a bacterially
synthesized Alll polypeptide encompassing the AT-hook mo-
tifs, we identified a 0.5-kb ARPI DNA fragment that prefer-
entially bound to the polypeptide. Within this DNA, a region
of ~100 bp was protected by the polypeptide from digestion
with ExoIlIl and DNase 1. Whole-mount in sifu hybridization to
early mouse embryos of 9.5-10.5 days indicated a complex
pattern of Arpl expression spatially overlapping with the
expression of All1. Although the ARPI gene is expressed
strongly in bone marrow cells, no transcripts were detected in
six leukemia cell lines with 11q23 translocations. These results
suggest that ARPI is up-regulated by the Alll protein, possibly
through direct interaction with an upstream DNA sequence of
the former. The results are also consistent with the suggestion
that ALLI chimeric proteins resulting from 11q23 abnormal-
ities act in a dominant negative fashion.

Abnormalities at 11q23 are common in acute lymphocytic,
acute myelomonocytic, acute monocytic, and acute myeloid
leukemia, drug-induced secondary leukemias, and myelodis-
plastic syndrome. We and others have isolated a gene at 11q23
that is involved in these chromosome aberrations (1, 2). The
gene was designated ALLI (also HRX, HTRX, and MLL). It
exhibits strong homology to the Drosophila trithorax (trx) gene
(3), particularly in the region encoding multiple zinc fingers
(PHD fingers), as well as in the C-terminal (SET) domain. In
addition, the Alll protein contains a cluster of “AT-hook”
motifs involved in DNA binding (2), a region with homology
to DNA-methyltransferase (4), and a transcriptional activation
domain (5, 6). In Drosophila, #x maintains the expression of
homeotic genes of the bithorax and Antennapedia complexes
(BX-C and ANT-C), which direct body segmentation during
Drosophila embryonic development (7, 8). Recent analysis of
Alll knockout mice suggests that ALLI plays a role in mam-
mals that is similar to the role of trx (9).

Antibodies directed against the trx protein detected multi-
ple, specific binding sites on polytene chromosomes of larvae
salivary glands (10, 11). The sites included the regulatory
region of a known frx target gene, fork head, and mutations of
trx caused reduced expression of this target gene (10). These
findings suggested that trx exerts its effects by binding directly
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or indirectly to specific DNA sequences in target genes. Some
of the targets for ALLI are likely to be the mammalian Hox
genes. This notion is supported by the demonstration (9) of
spatially altered expression of Hoxa 7 and Hoxc 9 in Alll +/—
knockout mice.

In acute leukemias with aberrations at 11q23, the ALL1 gene
recombines with many partner genes from a variety of chro-
mosomes (12, 13). In addition, in a significant number of AML
patients, ALL1I undergoes partial tandem duplication (14, 15).
Finally, several patients with acute lymphocyte leukemia show
an identical deletion spanning ALLI exon 8 and flanking
intronic sequences (16). The partner genes are a diverse lot.
Some are transcription factors (17, 18), and others are involved
in signal transduction (19). AF9 and ENL (20), as well as AF10
and AFI7 (17), are highly homologous. Because of these
diverse features, the underlying mechanism for ALLI leuke-
mogenicity is still unknown. It is conceivable that ALLI
triggers leukemia through its effects on target gene(s) involved
in hematopoiesis. We have proposed previously (14, 21) that
ALLI rearrangements result in its loss of function and that the
chimeric proteins exert a dominant negative effect on the
normal Alll protein encoded by the intact allele present in the
leukemic cells.

We recently have generated All1 knockout embryonic stem
(ES) cell lines and investigated their ability to differentiate
along hematopoietic lineages after withdrawal of leukemia
inhibitory factor (LIF) (22). Whereas wild-type ES cells
formed lineage-restricted mature colonies, +/— and —/—
knockout ES cells developed, at high frequency, immature
and/or “multiphenotypic” colonies. This phenotype is similar
to that of acute leukemia cells with 1123 abnormalities. These
results suggested that ALLI gene rearrangements in humans
and Alll knockout in mice result in similar abnormalities in
hematopoietic cells. We reasoned that the A/l —/— knockout
ES cells might fail to express transcripts of genes induced by
Alll. Applying the differential display methodology (23), we
isolated and characterized a gene that is underexpressed in A//1
knockout ES cells. The properties of this gene, ARPI, support
the notion that it is a target for ALLI.

MATERIALS AND METHODS

Cell Lines and Differential Display. ES AB2.1 (wild type),
48ll1+/= " 48Salll=/= " and 48N=l1-/~ cells were maintained in
gelatinized tissue culture dishes in DMEM supplemented with
15% heat-inactivated fetal bovine serum, 2 mM glutamine, 0.1
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mM 2-mercaptoethanol, and 1,000 units/ml of recombinant
leukemia inhibitory factor (GIBCO/BRL).

Using Genhunter RNA image kit (Genhunter, Nashville,
TN), we performed the differential display comparing total
RNAs of AB2.1, 48S2111=/=and 48N=ll1=/~ cells.

Binding-Site Selection, Exonuclease III Protection, and
DNase I Footprint Analysis. Two regions of ALLI cDNA,
encoding the AT-hooks domain (ATH) spanning nucleotides
331-948 and DNA methyltransferase (MTase) homologous
region encompassing nucleotide 3346-3753, were cloned into
the pET-23d vector (Novagen), which provides a stretch of six
histidines. The BL21 (DE3) bacteria strain (Novagen) was
used for expression. The 25-kD ATH and 18-kD MTase
peptides were affinity-purified by Ni-NTA resin (Qiagen) and
dialysed against buffer D (20 mM Hepes, pH7.9/0.1 M KCl/
20% glycerol/0.2 mM EDTA/1 mM DTT). Aliquots of 1 ug
each of the ATH or MTase peptides were mixed either with 1
pg of BSA or 1 ug of HeLa cell nuclear extract in 10 ul of
buffer D, spotted on 1 c¢cm? of nitrocellulose filter (BASS5,
Schleicher & Schuell) and air-dried for 10 min. The filter was
subsequently blocked for 30 min at 4°C with 100 ul of binding
buffer (25 mM Hepes, pH 7.9/40 mM KCl/5 mM MgCl,/1
mM DTT) containing 0.5% nonfat milk and 10 ug of poly
(dI-dC) and washed with binding buffer containing 0.25%
nonfat milk. Ten micrograms of ARP1 genomic cosmid clone
2 was completely digested with Sau3AT and ligated to a Sau3Al
adapter formed by annealing the 24-mer 5'-GATCA-
GAAGCTTGAATTCGAGCAG-3" and 20-mer 5'-CT-
GCTCGAATTCAAGCTTCT-3' oligonucleotides. After in-
cubation for 2 hr at 4°C in 100 ul of binding buffer, containing
500 ng of the segmented DNA preparation, the filter was
washed three times with binding buffer including 0.25% milk
and once with binding buffer and transferred into an Eppen-
dorf tube. DNA was eluted by incubation with a buffer
containing 20 mM Tris, pH 8.0, and 1 M KCl for 10 min on ice
with occasional vortexing. The elute was diluted with water
and precipitated with isopropanol in the presence of glycogen,
and the DNA pellet was resuspended in 20 ul water. One
milliliter aliquot of the DNA was amplified by 25 cycles of
PCR, using the 20-mer adapter oligonucleotide, and the PCR
product was resolved on a 2% MetaPhor XR agarose (FMC)
and cloned into pBluescript SK(—) (Stratagene).

Exonuclease IIT (ExolII) protection assay was carried out by
the method of Wu (24). DNase I footprint analysis was carried
out by using the Sure track DNase footprint kit (Pharmacia).

Whole-Mount in Situ Hybridization. Embryos were ob-
tained from natural matings of FVB/N or C57B/6J mice. The
time point of vaginal plug observation was designated at 0.5
day postcoitum, and embryonic stages are listed as days
postcoitum (E followed by the number of the day). Hybrid-
ization experiments were performed as described (25). Digoxi-
genin-labeled RNAs were prepared by using an RNA labeling
kit (Boehringer Mannheim) with ARPI cDNA. Anti-
digoxigenin antibodies (Fab fragment) conjugated with alka-
line phosphatase were purchased from Boehringer Mannheim.
Some E10.5 embryos were consequently incubated in isopro-
panol, isopropanol-Paraplast (1:1), and Paraplast (58°C) for
several hours and finally embedded in Paraplast Plus (Oxford
Scientific, St. Louis, MO). Sections (20-25 wm) were cut in
sagittal and transverse planes, mounted in slides, and photo-
graphed under Nomarski optics using an Olympus Vanox
microscope.

RESULTS AND DISCUSSION

Identification of a Gene Down-Regulated in All1 Knockout
ES Cells. Recently we established Alll +/— and —/— knock-
out ES cell lines, 48211+/= 48Salll=/~ and 48N2!1-/~ from
parental AB2.1 ES cells and showed that these ES cells are
deficient in hematopoietic differentiation in an in vitro colony-
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formation assay (22). To identify genes down-regulated in the
Alll knockout ES cells, we examined the expression of ap-
proximately 15,000 genes in these, as well as in parental ES
cells, by using a differential display kit. We carried out 240
primer-combination arbitrary reverse transcription-PCRs
(RT-PCRs) and compared the bands derived from AB2.1
RNA to those derived from RNAs of 48521 =/~ and 48N2/l1—/~
cells. As expected, the great majority of bands displayed similar
intensity in the patterns of the three cell lines. The intensity of
several bands was reduced in AllI —/— knockout ES cells.
However, these differences were proved to be false or minor
by subsequent RT-PCR or Northern blot analysis. Neverthe-
less, one band (set 21G composed of the primer 5'-anchor
dN6-TCTCTGG-3" and dTG-5'-TTTTTTTTTTTG-3') was
reproducibly reduced in Alll —/— knockout ES cells (indicat-
ed by arrow in Fig. 14, 21G; lanes 4851 ~/~ and 48N#11~/7),
DNA corresponding to this band was excised from the gel,
reamplified by PCR using the same primers, cloned, and
sequenced. Using this DNA of 161 bp as a probe in Northern
blot analysis, two mRNA species (1.4 and 2.5 kb) were
observed in parental AB2.1 cells. These transcripts were
considerably less abundant in 48S211=/= 48Nall=/= cells, as
well as in 48¥*/~ cells (Fig. 1B). Sequence of this DNA
indicate no relationships to known genes present in the
database, but exhibited homology with the human anonymous
sequences—expressed sequence tags (ESTs) gb/T64905 and
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FiG. 1. Identification of a transcript down-regulated in A/l1 knock-
out ES cells. (4) Differential display. 18G, 19G, 20G, 21G, and 22G
indicate specific primer sets. The three lanes for each set correspond
to the ES cell line from which the RNA was amplified: AB2.1 wild type
(left lane), 48S*"~/~ (center lane), and 48N/~ (right lane). Arrow
points to the band apparent only in the wild-type cells. (B) Northern
analysis of Arpl expression in ES cell lines. Two micrograms of
polyadenylated RNA were electrophoretically resolved and examined
for hybridization to the 161-bp probe (see text). (C) Northern analysis
of ARPI expression in human leukemia cell lines. Analysis as in B. The
300-bp human cDNA (see text) was utilized as a probe. Numbers on
the left correspond to size markers (kb).
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¢b/R77812. By PCR amplification, we obtained a 300-bp
fragment of the human homologue. Using the 161- and 300-bp
DNA fragments as probes, the expression of the gene was
examined in mouse and human adult tissues. Transcripts were
detected in mouse skeletal muscle, mouse kidney, human
skeletal muscle, human placenta (not shown), and human bone
marrow (Fig. 1C). In contrast, other tissues showed little
expression. In analysis of polyadenylated RNAs from leukemic
cell lines in which ALL1 is rearranged, ARPI transcripts were
not detected in RS4;11 [with t(4:11)], BIB [with t(4:11)],
Mono-Mac6 [with t(9:11)] (Fig. 1C), or MV4;11[with t(4:11)],
THP-1 [with t(9;11)], and ML-2 [with t(6;11)] (data not
shown). In contrast, ARPI transcripts are detectable in human
leukemia cell lines and bone marrow cells without 11q23 gene
rearrangements (Fig. 1C).

Isolation and Characterization of Mouse and Human Full
Length ARPI ¢cDNAs. To isolate the full-length mouse cDNA,
we prepared a cDNA library from the mouse AB2.1 wild-type
ES cell line. One million independent colonies were screened,
and 17 positive clones were isolated. All clones were se-
quenced, and 10 appeared to contain full-length cDNA. We
designated the corresponding gene ARPI (ALLI responsive
gene 1). Physical mapping and sequence analysis of the cDNAs
indicated two species (ARPla and ARPIc) that varied at 5’
segments including the initiation codon ATG (see later in
text). The predicted ORFs for the murine Arpla and Arplc
encoded 271 and 324 aa, respectively. The human 300-bp DNA
fragment was used as a probe to clone the human homologue.
Two of the cDNA species (ARPIa and ARPIc) corresponded
to the mouse species, and a third (4RP1b) contained additional
sequences derived from an internal, alternatively spliced exon
(see later in text). Comparison of the sequences of human and
murine ARPIa and ARPIc cDNAs showed striking conserva-
tion, 90 and 89% nucleotide identity and 99 and 97% amino
acid identity, respectively. The database search indicated that
ARPIa/Arpla and ARPIb are likely to be identical to Ptx2a
(26)/011x2 (27)/RIEG (28) and Ptx2b (26), respectively. How-
ever, the N-terminal domain of ARPIc did not correspond to
any known gene. Amino acid sequence and domains of ARPIc
are shown in Fig. 24 and B, respectively. ARPI also has striking
homology with Ptx1/Potx, which is thought to be a pituitary cell
fate determinant (29, 30). The amino acid sequences of the two
genes are 82% similar along the whole coding sequence,
increasing to 86% without the N-terminal regions and increas-
ing further to 98% when considering only homeodomains (Fig.
2C). The predicted Arpl protein contains a previously un-
known motif (Fig. 2), which we also found at the C terminus
of some homeobox genes that belong to the “Phox-Aristaless”
group (31). We named this motif PAR (Phox-ARP1-
Aristaless) motif. This motif was also noticed by Semina et al.
(28).

RIEG and Pixl /Potx were described as bicoid-related ho-
meobox transcription factors (28-30) because of lysine residue
at position 9 of the third helix according to the classification
of Burglin (32). We will further specify the ARP1/RIEG /Ptx2/
Otlx2 and Ptx1 /Potx proteins as members of a distinctive family
within the “Ortoid-Ortodentical” class of homeobox genes
based on the definition of “group-specific patterns” and
“intergroup-specific motifs” (31).

Chromosome Location and Genomic Structure of ARPI.
Using a fragment of the ARPI gene as a probe in Southern
analysis of DNAs from somatic cell hybrids and applying in situ
hybridization, we mapped human ARPI to chromosome region
4q24-25. For analysis of the genomic structure, cosmid clones
2, 4, and 5 were isolated by screening 5 X 10° colonies of
human genomic cosmid library (CLONTECH). Physical map-
ping and sequencing of these cosmid clones enabled us to
determine the genomic structure of the human ARPI gene
(Fig. 3). The gene spans 30 kb. Alternative splicing gives rise
to the three transcripts (APRla, ARPI1b, and ARPIc). All

Proc. Natl. Acad. Sci. USA 95 (1998) 4575

MNCMKGPLHLEHRAAGTKLSAVSSSSCHHPOPLAMASVLAPGOPRSLDSS

KHRLEVHTISDTSSPEAAEKDKSQQGKNEDVGAEDPSKKKRQERQRTHFT

SQQLQELEATFQRNRYPDMSTREEIAVWTNLTEARVRVWFKNRRAKWRkR

ERNQQAELCKNGFGPQFNGLMQPYDDMYPGYSYNNWAAKGLTSASLSTKS
FPFFNSMNVNPLSSQSMFSPPNSISSMSMSSSMVPSAVTGVPGSSLNSLN
NLNNLSSPSLNSAVPTPACPYAPPTPPYVYRDTCNSSLASLRLKAKQHSS

FGYASVQNPASNLSACQYAVDRPV

ATG TGA

C I s [F[E ] 1

- ARP1 homeobox setine rich region I:I coding region
B rrRdoman [F]

prolin rich region

Arpla L «oeeeini e METNCRKLV 9
Ptxl 1 MDAFKGGMSLERLPEGLRPPPPPPHDMGPSFHLARAADPREPLENSASES S50
10 SACVQLEKDKGQQGKNED .......... VGAEDPSKKKRORRORTAFTSO 49

=TI

-
51 SDADLPDKERGGEAKGPEDGGAGSAGCGGGAEDPAKKKKQRRQRTHF TSQ 100

50 QLQELEATFQRNRYPDMSTREEIAVWTNLTEARVRVWFKNRRAKWRKRER 99

IHIIIIIIIIIIIIIII [SRNRRANRANRE IHHIIIIIIIII \I

101 EATFQRNRYPDMSMREETAVWTNLTEPRV! ER 150

100 NQQAELCKNGFGPQFNGLMQPYDDMY‘PGYSYNNWAAKGLTSASLSTKSF 148

SV N R R AR N R N e Ay R AR A N A Ry e R AR

151 NQQLDLCKGGYVPQFSGLVQPYEDVYAAGYSYNNWAAKSLAPAPLSTKSF 200

149 PFFNSMNVNPLSSQSMFSPPNSISSMSMSSSMVPSAVTGVPGSSLNSLNN 198

II||| N RN ARy AR S A R S IH

201 FNSM. SPLSSQSMFSAPSSISSMTMPSSMGPGAVPGMPNS G 245

199 LllminrsspTI]..birslzi\vapzlacTTAPPTPPY VYRDTCl |TIQ..II\TI|4RLKAK OHiss 247

| [ 11 LD
246 INNLTGSSLNSAMSPGACPYGTPASPYSVYRDTCNSSLASLRLKSKQHSS 295
248 FGYASVQNPASNL SACQYAVDRPV 271

296 FGYGGLQGPASGLNACQYNS 315

F16. 2. Amino acids sequence, domains, and homology of ARPI.
(4) Amino acids sequence of ARPIc. Underline indicates unique
domain of ARPIc; box indicates homeodomain. Bold letters are short
motifs mentioned by Semina et al. (28). (B) Schema of domain of
ARPIc. (C) Similarity between the Arpla and Ptx1 proteins. The
sequences were aligned by using the algorithm BESTFIT.

transcripts include sequences of exon 5, which encodes the
most 5’ region of the homeodomain, and of exon 6, encoding
the 3’ 11 aa of the homeodomain.

The AT-Hooks Domain of the Alll Protein Binds to a
Sequence Positioned Upstream of the ARPI Transcription
Start Site. To investigate the possibility that ALLI regulates
ARP] expression through direct protein-DNA association, we
searched for Alll-binding sites within the human ARPI locus.
“AT-hook” domains of several proteins were previously shown
to be involved in direct binding to DNA (33, 34). Therefore, we
expressed in E. coli Alll ATH, tagged at the C terminus with
six histidines, and inserted it into the PET bacterial expression
vector (Novagen). As a control, we expressed a similar-sized
Alll polypeptide spanning the MTase region. Cosmid 2,
containing the entire ARPI gene, was digested with Sau3Al
enzyme, and the fragments were ligated to PCR adapters.
These fragments were subjected to binding-site selection
(BSS) on nitrocellulose filters spotted with each of the two
bacteria-synthesized Alll polypeptides in the presence or
absence of either BSA or HeLa cell nuclear extracts. The
bound DNAs were eluted, PCR-amplified, and analyzed elec-
trophoretically (Fig. 44). A unique 0.5-kb DNA fragment was
amplified after selection with the ATH polypeptide in the
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F16. 3. Genomic structure of human ARPI. Exons are depicted by lightly shaded boxes. Solid box indicates ARPI homeodomain. Box sizes do
not correspond to precise length of exons. The Alll AT-hook binding site is noted by thin, white bar. E and B correspond to EcoRI and BamHI
sites, respectively. Exons included within ARP! transcripts are shown in the middle.

presence of BSA or HeLa cell nuclear extract. This fragment
was not selected with the MTase polypeptide, but could be
selected with ATH alone in a second cycle of binding and PCR
amplification. A fragment of 0.19 kb that was selected by HeLa
cell nuclear extract in the presence or absence of ATH or
MTase polypeptides was not studied further. The selected
0.5-kb fragment containing the ATH peptide-binding site was
subcloned and its sequence was determined (Fig. 4B). This
DNA was found to reside within a 2-kb EcoRI fragment
located at the 5’ end of cosmid clone 2, 1.7 kb upstream of the
5" terminus of ARPIa and ARPIb cDNAs.

A)
B) 1 60
GTCGACGGTATCGATAMGC TTCTGATCTTTCTGTCTTTGGTTTTCTCATTCTCTTCCAAC
AGRRACE AGASANGOTTE
] 120
TTTTCCATGAGATTGCCTA AAGGCL 3 c
TCTAACGGATAGGAGL CGACTTCOGT “GATGCTCG
121 180
GCCTCTTAATCTCTACAAAATGAAMAGAAA TAT CCATTACTCAG
OGG. TTTACTTTTICTTTTTTTICTC
101 240
AR “TGCAAAN GTC TILTCUGALT
ALLTTALLLLILLGALLTTTT TALL ik LA
14
2 P
'ATAACT TTTGATT
TOAR RO &
Ddel 160
TTCTTGCCTCGGOGAGATTTCAAAAACCAGAAATAGAAA'
ATCTTT.
361 420
TACAATTAAACAGCACGTGGGCATTTTCCOCCTCATTTCTCTCCCCTTAMATAACACTGE
ATGTTAATT ACK AR A TTATTGTGACG
a2 480
TITGALTTT N T TALTTTIVA Ll
TTTCTCTCTTTAAAACTCAAAA CTACA TCCA
481 524
TAGAMTGGCTTAAMMTGTAGATCAGAAGCTTGATATCGAATTC
ATCTTTACCGAATTTTACATCTAGTCTTCGAACTATAGCTTAAG
FiG. 4. Binding-site selection of ARPI genomic fragments. (A4)

Bacterially synthesized Alll polypeptides spanning the “AT-hooks”
domain (ATH) or the region homologous to methyltransferases
(MTase), together or without BSA or HeLa nuclear extract (NE), were
reacted with the fragmented ARPI genomic DNA. Bound fragments
were PCR-amplified and identified by agarose gel electrophoresis. (B)
The sequence of the ATH-selected DNA fragment. Sequence pro-
tected by ATH from ExollI digestive is boxed.

To narrow the binding site to ATH within the 524-bp DNA,
an ExollI protection experiment was carried out. As shown in
Fig. 54, the ATH peptide protected a 340-bp fragment of the
5’ end-labeled DNA (Fig. 54 Left) and 235-bp fragment of the
3’ end-labeled DNA (Fig. 54 Right) in a dose-dependent
manner; no protection was found by using the MTase peptide.
This indicated that the ATH-binding site spanned nucleotides
289-340 (Fig. 4B, open box). Next, a 220-bp DNA composed
of nucleotides 202-421 (includes the ExollI-protected region)
was subcloned and used in a DNase I footprinting study.
Nucleotides 268-321 of the lower strand (numbering starts at
nucleotide 1 in Fig. 5B) and nucleotides 242-257 and 306325
of the upper strand were consistently protected (Fig. 5B).
Thus, the results of two types of assays indicated that All1 “AT
hooks” polypeptide binds ARPI DNA in a region of around
100 bp located ~1.7 kb upstream of the transcription start site.
Utilizing this region (nucleotides 250-344) in electrophoretic
mobility shift assay we observed specific binding to a protein
complex in nuclear extracts from cultured cells (not shown).

Expression of Arpl During Mouse Embryogenesis. We
examined the expression of the Arpl gene at different stages
of mouse embryo development by Northern analysis. No
expression was detected at E7.0, whereas we found strong
expression at E11, E13, and E15 embryos (not shown). Ex-
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F16. 5. Fine mapping of ARPI genomic sequence that binds the
ATH polypeptide. (4 Left and Right) Protection from ExollI digestion
of ARPI DNA segment end-labeled at the 5" and 3’ ends, respectively.
Bands protected specifically by increasing amounts of the ATH
polypeptide are indicated by arrows. (B) Protection from DNasel
digestion of ARP! DNA segment labeled at the 5" or 3’ end.
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pression of the Arpl gene was also analyzed by whole-mount
in situ hybridization in day E8.0-E15.5. As shown and men-
tioned in Fig. 6, we detect Arp/ mRNA in a number of tissues
in day E9.5-E10.5. The Alll gene has also been shown to be
widely expressed throughout embryonic development in the

Fi1G. 6. Spatial distribution of Arpl transcripts during mouse
development. (4) Lateral view of E9.5 embryo. Hybridizable RNA is
observed in the abdominal area (Abd), in surface ectoderm of the
maxillary (Mx), and mandibular (Ma) regions of the first branchial
arch. Arrowhead points out the mesenchymal component of the
mandibular arch. Staining of the optic vesicle (Ov) is because of the
nonspecific trapping of colored conjugates as evidenced by reaction
with a sense probe. No signal was observed in spinal cord (Sc). (B)
Anterior view of the head of E9.5 embryo. Facial part has been
removed for better visualization of the signal. Staining is observed in
the developing Rathke’s pouch (Rp) and in two bilateral structures
(marked by white asterisks), still to be identified. (C) Anterior view of
the first branchial arches of E9.5 embryo. Arrowheads point to the
sharp bands of Arpl expression along the surface ectoderm of the
mandibular component of the first branchial arch. (D) Lateral view of
E10.5 embryo. Expression is detected in a number of new structures:
in the dermomyotomal compartments of the somites (dmy), in the
presumable migratory myogenic precursors (of the limb muscle)
localized in the ventrolateral myotome (vlmy) at the forelimb level.
The signal is also seen at the periphery of the eye. Strong staining is
observed in the restricted domains of the forebrain (white arrows) at
the area of the cranial flexure (cf). Black triangle corresponds to the
midbrain/forebrain boundary; fl, forelimb; hl, hindlimb. (E) High
magnification of the anterior view of head of E10.5 embryo (facial part
has been removed); expression of Arpl is sharply localized to the
Rathke’s pouch. Bilateral staining previously detected becomes stron-
ger and more compact. (F) Dorsolateral view of E10.5 embryo. Arp!
specific signal is seen in presumable ventral (v) and dorsal (d) myoblast
cells within the forelimb (fl). (G) Anteriolateral view of E10.5 head
showing bilateral distribution of Arpl signal in the forebrain. (H)
Sagittal section of the prestained E10.5 embryo. Expression is stronger
in the pars dislis (PD) than in pars intermedia (PI) within the Rathke’s
pouch. Expression is seen in the ectoderm and mesenchyme (arrow-
head) of the mandibular branch (Ma) of the first branchial arch. (/)
Staining was detected on sagittal section in epithelial cells of the
bronchi (arrow) within the lung bud (Lb). (/ and K) Transverse sections
of the E10.5 embryo at the level of the forelimbs. Open triangle points
to the myoblast precursor cells migrating into the proximal portion of
the forelimb. Staining is also revealed in the mesenchyme of the dorsal
mesentery (Dm); G, gut. [Bars = 200 mm (4, D, and F-I), 100 mm (J
and K), and 50 mm (B and C).]
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neural and somitic tissues from E7.0 into adulthood (9).
Interestingly, ArpI mRNA is detected in ectodermal cells in
first branchial arch (Fig. 6 4 and C), ventrolateral dermomyo-
tome of early somites (Fig. 6 D and F), and neural tissues (Fig.
6 D and G), overlapping the expression of A//1.

ARPI 1s a Target for ALLI. The ARPI gene was isolated by
virtue of its down-regulation in ES cells, in which both alleles
of ALLI were disrupted by homologous recombination (22).
The disruption eliminated ALL! third exon, which encodes
885 aa, and contains the “AT-hook” motifs. It is conceivable
that the deletion of this large and highly conserved segment of
the protein disrupted its function. The elimination of the
“AT-hooks” domain presumably interferes with the capacity
of the protein to bind its DNA targets. In three ES cell lines
in which one or two alleles of ALLI were disrupted, transcrip-
tion of ARPI was reduced by more than 10-fold. In addition,
in six leukemic cell lines in which ALL1 is rearranged ARPI is
not expressed. This is consistent with the idea (12, 14, 21) that
ALL] rearrangements result in loss of function of the gene and,
therefore, in down-regulation of its targets, such as ARPI
(shown in this work) or Hox genes (22). The suggestion that
ARPI is a primary target of ALL1 is based on our findings that
the All1 “AT hooks” domain binds in vitro specifically to an
ARPI sequence located upstream to the transcription initia-
tion point and that the expression of A/l coincides with Arp1
expression pattern in several tissues including the dermomyo-
tome. However, this suggestion would have to be supported by
the demonstration in vivo, and possibly in vitro, of Alll-
dependent transcription of a reporter gene linked to the ARPI
sequence. Our preliminary gel-shift experiments show that the
sequence binds specifically to a protein complex present in
mammalian nuclear extracts (data not shown). It still remains
to be shown that the Alll protein is a constituent of this
complex.

We have identified a genomic ARPI sequence to which the
Alll AT-hook polypeptide binds in vitro. It was previously
shown that AT hooks binding domains may bind to AT-rich
sequences in a structure-specific rather than sequence-specific
manner (5, 35). However, in selecting a 0.5-kb fragment out of
40 kb, the binding of Alll polypeptide appears to be more
specific in our assay. All chimeric proteins produced as a result
of ALL] translocations, as well as Alll proteins resulting from
partial tandem duplications, retain both the Alll AT-hook
domain and the MTase domain (12, 15), suggesting that these
domains are critical for the leukemogenic activity of the
proteins. The DNA-binding capacity of the Alll AT-hook
polypeptide suggests that the chimeric Alll proteins can bind
to DNA targets of the normal Alll protein. However, this
binding might be nonproductive.

Potential Role of ARPI in Oncogenesis. ALL]I is frequently
rearranged in different kinds of acute leukemias, such as acute
lymphocytic (ALL), acute myelomonocytic, acute monocytic,
and acute myeloid leukemias. Furthermore, leukemic cells of
the majority of patients with the t(4;11) chromosomal trans-
location show both precursor B cell and myeloid markers (36)
and are considered to be “biphenotypic.” These features
suggest that alteration in expression of the target gene(s) due
to ALL1 abnormalities may affect differentiation of multipo-
tential hematopoietic stem cell along the lymphoid and my-
eloid lineages. Thus, ALL1's target genes involved in leuke-
mogenesis could play an important role in the differentiation
of hematopoietic stem cells to specific cell lineage. Interest-
ingly, ARPI has striking homology with Ptx1/Potx, a pituitary
cell fate determinant that plays a role in the differentiation of
pituitary cells. The strong expression of ARPI in bone marrow
cells and in skeletal muscle cells raises the possibility that it is
involved in the differentiation of hematopoietic cells (and
skeletal muscle cells) and therefore could be a mediator of
leukemogenesis resulting from ALLI alterations. The lack of
ARPI expression in all six leukemia cell lines with 11q23
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translocations examined is consistent with this notion and the
hypothesis (12, 14, 21) that ALLI rearrangements result in a
loss of function of the gene and therefore in down-regulation
of its targets.

While this work was in progress, ARPIa and ARP1b were
isolated by others in three different contexts (26-28). The
major point in those studies was that ARPI, termed RIEG, or
Otlx2, or Px2 is expressed in the pituitary gland, in the eye, and
in restricted brain tissues. Moreover, the gene was found to be
directly involved in Rieger syndrome (28).

Based on binding of the trx protein to many sites on polytene
chromosomes (10, 11), we expect ALLI to regulate a variety of
mammalian genes in addition to the Hox loci. ARPI appears
to be the first example of these target genes.
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