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The three-amino-acid loop extension (TALE) homeo-
domain proteins are highly conserved transcription
regulators. Since cooperative function among mem-
bers of this growing family is critical for regulating
transcription, we have tried to explore novel members
to understand their regulatory mechanisms in cellular
proliferation and differentiation. Here we report iden-
tification of PKNOX2, a novel TALE homeodomain pro-
tein that shows distinct homology with PKNOX1, a
stable partner of PBX proteins. PKNOX2 is composed
of 460 amino acids and contains HR1, HR2, and home-
odomain, which are highly similar to PKNOX1, sug-
gesting that PKNOX2 may also interact with PBX pro-
teins as well as the same DNA sequence as PKNOXI1.
Genomic organization of PKNOX2 also showed high
similarity to PKNOX1, though PKNOX2 lies on a dif-
ferent chromosomal region, 11g24. Unlike PKNOX1,
which was broadly expressed in many tissues,
PKNOX2 showed a more restricted pattern of mRNA
expression. Nuclear localization of PKNOX2 was con-
firmed by transfection of epitope-tagged cDNA. Taken
together, these data indicate that PKNOX2 is a novel
PKNOX-related protein and may interact with PBX
proteins and play a tissue-specific regulation of
transcription. © 2001 Academic Press
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Homeodomain protein superfamily comprises a large
number of sequence specific transcription factors shar-
ing a highly conserved DNA-binding homeodomain,
and play fundamental roles in cellular proliferation,
differentiation, and death (1). The three-amino-acid
loop extension (TALE) superclass of homeodomain pro-
teins is characterized by an extension of three amino
acids between «a-helices 1 and 2 within the homeodo-
main (2, 3). Members of this superclass, such as MEIS-,
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TGIF-, and PBX-related proteins and PKNOX1, are
highly conserved, and are present in the common an-
cestor of plants, fungi, and animals (3). Interestingly,
cooperative function among TALE family members is
critical for regulating transcription (4—6), and several
members have been shown to function as essential
contributors to the HOX-mediated developmental pro-
gram (7, 8). These features had led us to search for
novel members of this growing and interesting super-
family, in an effort to better understand regulatory
mechanisms involving homeodomain proteins. In pre-
vious search using computer-assisted method, actu-
ally, we have successfully identified one of the TGIF-
related proteins, TGIF2 (9).

PKNOX1, a member of TALE superfamily homeodo-
main protein, has been identified as one of the compo-
nents of human transcription factor complex urokinase
enhancer factor 3 (UEF3) (10). The PKNOX1 homeodo-
main is most closely related to those of the MEIS and
TGIF proteins and, like these, recognizes a TGACAG
motif. Interestingly, this protein stably heterodimer-
izes with PBX1, another subunit of UEF3, independent
of DNA binding, resulting in a strong DNA binding
affinity of the heterodimerized complex towards the
TGACAG target site. The PKNOX1-PBX1 complex
binds DNA cooperatively with other transcription fac-
tors, including HOX family proteins, and PKNOX1 is
able to act as a co-activator in the transcription of
PBX-HOX activated promoters (11, 12). In some genes
including glucagons (13), PKNOX1-PBX heterodimers
also can repress the transcription. Thus, PKNOX1 may
be a stable intracellular partner of PBX proteins to
regulate transcription of specific genes positively and
negatively.

PKNOX1 is ubiquitously expressed in almost all tis-
sues examined, though the PBX isoforms vary in dif-
ferent tissues. In addition, PKNOX1-related proteins
have never been identified except PKNOX1, whereas
other members of the TALE superfamily form a super-
family (3). In order to explore other members of this
subfamily, which may show unique tissue expression
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pattern, we applied a combination of computerized da-
tabase searches, analysis of expressed sequence tag
(EST) clones, and reverse transcription-polymerase
chain reaction (RT-PCR), as in a previous study (9).
Here we report the identification and characterization
of the second member of this subfamily, designated as
PKNOX2.

MATERIALS AND METHODS

Cloning and sequencing of human PKNOX2. We searched for
PKNOX-related proteins by comparing human PKNOX1 sequence
(GenBank accession number: NM_004571) against the databases of
ESTs and genomic sequences, using the BLAST program (http://
www.nchi.nlm.nih.gov/BLAST/). Of several EST clones identified by
this search, we purchased three clones from Incyte Genomics Inc.
(St. Louis, MO): IMAGE clones 347065, 265097, and 1583683. Since
all these EST clones contain part of the entire coding sequence, we
used RT-PCR to obtain cDNA fragments containing the entire coding
sequence. cDNA was synthesized using mRNA derived from human
brain, and then PCR amplifications were performed using primers
generated on the basis of EST and genomic sequence (GenBank
accession number AC009807) and Platinum Pfx DNA polymerase
(Gibco BRL, Gaithersburg, MD) according to the manufacturer’s
directions. PCR products were sub-cloned for sequencing with a 377
ABI autosequencer (PE Biosystems, Foster City, CA). Analyses of
sequences and comparisons of data were performed using BLAST,
MOTIF (http://motif.genome.ad.jp/) and PSORT Il (http://cookie.
imcb.osaka-u.ac.jp/nakai/psort.html) programs.

Northern blot analysis. Northern blots of RNA from different
human tissues (Human 12-lane MTN blot) were obtained from Clon-
tech, Inc. (Palo Alto, CA). A cDNA probe containing full coding
sequence of PKNOX2 was labeled with [«**P]dCTP by random prim-
ing (Megaprime, Amersham Pharmacia Biotech), and hybridized to
the prehybridized blots. Blots were washed in a solution of 0.1X
SSC/0.1% SDS, and then exposed for 72 h.

Fluorescence in situ hybridization (FISH). FISH analyses were
performed as described previously (9, 14), using a bacterial artificial
chromosome (BAC) containing PKNOX2 (RP11-417F7) as the probe.
Digoxigenin-11-dUTP-labeled probe was hybridized to metaphase
chromosomes prepared from normal male lymphocytes, and specific
signals were detected with rhodamine anti-digoxigenin antibody
(Roche Diagnostics, Tokyo, Japan). Precise localization of PKNOX2
was determined on elongated prometaphase chromosomes.

Expression construct and transfection. A plasmid construct en-
coding an epitope-tagged form of PKNOX2 was assembled by cloning
the coding sequence of this gene in-frame with Xpress epitope into
the pcDNA3.1/HisC vector (Invitrogen, Carlsbad, CA). After confirm-
ing the sequence, we transfected pcDNAS3.1-His-PKNOX2 into
COS-7 cells using FUGEGES6 (Roche Diagnostics) according to the
manufacturer’s instructions. Forty-eight hours after transfection,
cells were washed with phosphate-buffered saline and fixed with
acetone/methanol (1:1 v/v). Epitope-tagged PKNOX2 protein was
localized within cells using monoclonal anti-Xpress antibody (In-
vitrogen) and FITC-conjugated anti-mouse secondary antibody
(MBL, Nagoya, Japan) according to the manufacturer’s suggestions.

RESULTS AND DISCUSSION

PKNOX2 Is a Novel Member of the TALE-
Superfamily of Homeodomain Proteins

PKNOX1 encodes a DNA-binding homeodomain pro-
tein that can interact with PBX (10). Evidence for the
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existence of a novel PKNOX1-related gene was gath-
ered during the process of comparing PKNOX1 amino
acid and nucleotide sequences against public data-
bases using the BLAST program. With this approach,
we identified genomic sequence present in BAC RP11-
417F7 (GenBank accession number AC009807), which
contains a gene predicted to encode a protein similar to
PKNOX1 and several ESTs including three clones an-
alyzed in this study. We used RT-PCR to connect gaps
between the partial PKNOX1-related sequences of the
ESTs and to confirm the exonic sequences predicted
from the sequence of ESTs and BAC. In this manner
we isolated a cDNA that provided the entire coding
sequence for a novel 460-amino-acid (50.8 kDa) protein
containing an atypical homeodomain referred to as
TALE (Fig. 1).

The homeodomain of PKNOX2 resembles those of
the divergent TALE class of homeodomain proteins
(Fig. 1B) and is characterized by a conserved insertion
of three amino acids between helices 1 and 2 (3). The
homeodomain of PKNOX2 is 94% identical to the cor-
responding domain within PKNOX1 (Fig. 1). In addi-
tion, PKNOX2 homeodomain sequence has 45/63 (71%)
residues identical with those of human MEIS-related
proteins, 32/63 (51%) with human TGIF-related pro-
teins, 24/63 (38%) with human PBX1, 3 and 4, 23/63
(37%) with human PBX2, and 14/60 (23%) with the
homeodomain consensus (15). PKNOX1 displays a spe-
cific, albeit low, affinity for the TGACAG motif, which
is identical to those bound by human MEIS and TGIF
proteins (3). PKNOX1, TGIF and MEIS are almost
identical in the third helix of their homeodomains, i.e.
the DNA-recognition helix, and in particular they have
an isoleucine at the third position of the highly con-
served homeodomain motif, WF-N-N, of the third helix.
Since isoleucine is rarely found at this position in ho-
meodomains (3, 15), these proteins represent a novel
emerging subclass of homeodomains that shows bind-
ing preference for a TGACAG-like motif. Based on the
high similarity of homeodomains, especially the third
helix, between these proteins and PKNOX2, the
PKNOX2 homeodomain may recognize the same TGA-
CAG motif as well, suggesting this protein is the novel
member of this subclass.

Outside of the homeodomain, two regions of 22 and
40 amino acids, respectively HR1 and HR2 (10), dis-
play strong homology to similar regions in PKNOX1
and MEIS proteins (Fig. 1). These regions are not
found in any other members in human TALE class
homeodomain proteins. Their position relative to the
homeodomain is also conserved among these proteins.
HR1 and HR2 domains have been shown to mediate
interactions of PKNOX1 proteins with N-terminal re-
gion of PBX proteins, and are essential for PBX-
PKNOX1 heterodimerization (10). This association
with PBX increases the affinity of PKNOX1 for DNA
binding (10, 13). In addition, the PBX-PKNOX1 com-
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A PKNOX2 ; TAQPPSKAQAVHISAFS 60
PKNOX QVVTELKTEQDP----N 56
PKNOX2 120
PKNOX 116
HR1
PKNOX2 180
PKNOX 173
PKNOX2 240
PKNOX 220
PKNOX2 297
PKNOX 280
PKNOX2 357
PKNOX 339
PKNOX2 QGGAPGTNPDGSI------ 409
PKNOX OPPPSELTMSEGAVVTITTPVNI 399
PKNOX2 NVSDLGLEHSDSLE 460
PKNOX 436
B Name Amino acid sequence Identity
Helix 1 Helix 2 Helix 3
Human PKNOX2 SKNKRGVLPKHATNIMRSWLFQHLMHPYPTEDEKRQIAAQTNLTLLQVNNWFINARRRILQPM
Human PKNOX1 ~——-—-se—m——me— Vemmm - IG-mmmmmmm K mm e e e e e 59/63 (94%)
Human MEIS1 KRH-——-IF==Ver———— Asmm T-——-S~-EQ-K-L-QD=-G==I———=w— o ———— V== 45/63 (71%)
Human MEIS2 RQR=~—IF-=V=mrm——— A-m—mm T-——-S-EQ-K-L-QD-G=-T—————== e V-e- 45/63 (71%)
Human MEIS3 RNK=-==IF--V—————— Am———— Sw===S-EQ-K~L=-QD-G-=-I-===r—————m——— V——- 45/63 (71%)
Human TGIF KRRR--N---ESV(Q-L,-D--YE-RYNA--S-Q--ALLSQ--H-ST==-=C——-——mmmem L~-PD- 32/63 (51%)
Human TGIF2 KRKR--N-~-ESVK~L-D~-YL-RYNA--S-Q--LSLSG----8V-=IC-————-m=== L-PD- 32/63 (51%)
Human PBX1 ARR-—-NFN-Q--E-LNEYFYS~-SN---S-EA-EEL-KRKCGI-VS8--S---G-K-I-YKKNI 24/63 (38%)
Human PBX2 ARR-—-NFS-Q--EVLNEYFYS--SN---S-EA-EEL-KKCGI-VS-~5---G-K-I-YKRKNI 23/63 (37%)
Human PBX3 ARR-—--NFS-Q--E-LNEYFYS--SN-~-S-EA-EEL-KKCSI-VS-~S=--G-K-I-YKKNI 24/63 (38%)
Human PBX4 ARR~—-NFS—-Q--EVLNEYFYS-=NN---S-EA-EEL-RKGG--IS--S-~-G-K-I-YKKNI 24/63 (38%)

HOX consensus RRR--TAYTRYQLLELEKEFHFN  R-L-RRRRIEL-HSL---ER--KI--Q-R-MKWKKEN 14/60 (23%)

FIG. 1. (A) Alignment of human PKNOX1 and PKNOX2 protein sequences (GenBank accession numbers NM_004571 and DDBJ entry
ID: 20010706081615.75447, respectively). Numbers at right refer to amino acid residues. Identical amino acids are highlighted by shading.
The HR1 and HR2 domains are underlined, and homeodomain (HD) sequences are boxed. A putative nuclear localization signal is indicated
by a series of solid circles. (B) Amino acid homologies with PKNOX2 homeodomain. Amino acid identity with respect to PKNOX1 is indicated
by (-). Residue identities and similarities of the different homeodomain with respect to PKNOX2 are indicated as a absolute number (in bold)
and in percentage (in parentheses).

plexes are very stable and form independently of DNA suggesting potentially widespread functions for PBX-
(10, 16). Taken together, these data indicate that PKNOX1 that are likely to play key roles in the regu-
PKNOX1 is the predominant partner of PBX proteins, lation of coordinated gene transcription. Since HR1
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FIG. 2.

(A) Mapping of the PKNOX2 gene by FISH. Metaphase chromosomes from human diploid cells were hybridized with labeled

genomic DNA from BAC RP11-417F7. Typical hybridization signals appear on both chromosomes 11 at band g24-q25 (arrows). (B)
PKNOX2-specific signals were sublocalized at 11924 in elongated prometaphase chromosomes.

and HR2 of PKNOX2 have high similarity with those of
PKNOX1, it is conceivable that PKNOX2 may interact
with PBX proteins as well, and modulate PBX-HOX
functions.

Apart from the homeodomain and the HR domains,
the PKNOX2 protein share relatively high sequence
similarity with the PKNOX1 (Fig. 1), but not with the
MEIS proteins (10). Like PKNOX1 (17), therefore,
PKNOX2 may function differently from the MEIS pro-
teins, although PKNOX1 can substitute for MEIS pro-
teins in several cases (18, 19). Further study identify-
ing biochemical and biological difference between
PKNOX2 and PKNOX1 will contribute to understand
the role of PKNOX2 protein.

Chromosomal Localization and Genomic
Organization of PKNOX2

FISH using BAC clone RP11-417F7 as a PKNOX2-
specific probe exhibited clear signals on chromosomes
11g24-q25 (Fig. 2A), and further on sub-band 11924 in
elongated prometaphase chromosomes (Fig. 2B). Pre-
vious study demonstrated that the PKNOX1 gene is
localized on human chromosome 21g22.3 (20). Thus,
the PKNOX genes were not clustered within the ge-

nome. Previous studies have demonstrated that hu-
man chromosome 11g24-qg25, to which PKNOX2 is
localized, is deleted in various malignancies, such as
breast cancer and ovarian cancer (21, 22). In addition a
restricted chromosomal breakpoint site around this re-
gion has also been demonstrated in various hematolog-
ical malignancies (23). Complex genetic and biological
interactions between members of the TALE family and
HOX proteins appear to be important for leukemic
transformation (17, 24, 25). Thus, the aberrant expres-
sion of this gene might be involved in the development
of solid tumors and/or a subset of leukemia. Further
studies will be required to address this possibility.
The exon-intron structure for PKNOX2 gene was de-
termined by comparing the sequence from the 3178-bp
cDNA (DDBJ entry ID 20010706081615.75447) to the
corresponding genomic sequence (Table 1). The PKNOX2
gene contains at least 10 exons. Comparison of the
genomic sequences demonstrates the high degree of sim-
ilarity between the exon-intron structure of PKNOX2
and PKNOX1 (Table 1). Exons 2 and 3, exons 3 and 4, and
exons 7 to 9 of PKNOX2 encode the same domains as
their PKNOX1 counterparts. Moreover, all exons, includ-
ing two exons with the exact same basepair length in
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TABLE 1

Delineation of PKNOX2 Exon-Intron Boundaries and the Exon Size and Domain Comparison
between the PKNOX2 and PKNOX1 Genes

PKNOX2 PKNOX1"

Exon number  Exon size (bp) Splice acceptor?® Splice donor?® Domains  Exon number  Exon size (bp)
1 79 CAGCCCACAG@t gagtgcgc 1 111
2 140 ctctctgc  ag ATGACGGCAA  CTGTATACAGaggagaca HR1 2 128
3 172 gtccctgc  ag GCACCCTCTT  GGACAATCgGaaagaccc HR1, 2 3 172
4 189 ctctccac ag ATGGTGAAGG TCACTCACAGaacaccca HR2 4 171
5 130 tcactgcc ag GACCTCCTGC GTTGTGTCAcggtgcaa 5 100
6 98 gtctcctc  ag GTGGAGCCTT  GAACACACgGagtgtgt 6 98
7 120 tgccctga ag GTTAACCTTG  GCATCTCATYE gagtgtgt HD°® 7 129
8 76 ctegtttc  ag CACCCCTACC  GTAAACAAQ@T gagtttge HD 8 77
9 180 ctctgggc ag GGTTCATCAA AACCCCGATgGaagaactg HD 9 173

10 1994 tctctcgc  ag GTTCCATCAA 10 2035

* Exon sequences are in uppercase letters and intron sequences are in lowercase letters.
® PKNOX1 exons are numbered according to Gen Bank accession number NM_004571 (cDNA) and NT_011514 (genomic DNA).

¢ HD; homeodomain.

both proteins, have similar size. This shared exon-intron
pattern parallels the high level of homology between the
shared protein domains of both PKNOX2 and PKNOX1.
These data clearly suggest that PKNOX2 and PKNOX1
are paralogous genes.

Tissue Distribution of PKNOX2 mRNA

Northern-blot analysis of RNA derived from various
human tissues was performed to gain insight into the
spatial distribution of PKNOX2 mRNA. As shown in Fig.
3, asingle 4.6-kb PKNOX2 transcript, which is different
from PKNOX1 transcript in size (20), was expressed in
several tissues. Abundant expression was revealed in
brain and skeletal muscle, and the transcript was almost

@

undetectable in colon, liver, and peripheral leukocytes.
This expression pattern is completely different from that
of PKNOXZ1,; for example, the latter is ubiquitously ex-
pressed and two mRNA species with different sizes were
detected in all tissues (20). Tissue specific expression of
PKNOX2 gene indicates that PKNOX1 and PKNOX2
may have distinct roles through forming heterodimers
with the different PBX proteins and/or PKNOX2 may
modulate the regulatory function of PKNOX1 in a tissue-
specific manner.

The transcript is significantly longer than the iso-
lated and assembled cDNA sequence. The difference in
the size is likely due to additional 5’-untranslated re-
gion (UTR) and poly(A) tail sequence of PKNOX2.

-~ PKNOX2

~~ GAPDH

FIG. 3. Expression of PKNOX2 mRNA in normal human tissues. A multitissue Northern blot (Clontech) was probed with PKNOX2
cDNA. The same blot was rehybridized with a GAPDH probe, as a control for RNA loading and transfer.
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FIG. 4. Nuclear localization of PKNOX2. COS-7 cells were tran-
siently transfected with a vector containing Xpress epitope-tagged
PKNOX2 cDNA. The presence of tagged protein was detected micro-
scopically after being stained with an anti-Xpress antibody and a
FITC-conjugated anti-mouse secondary antibody. The preparations
were counterstained with 4,6-diamidino-2-phenylindole dihydrochlo-
ride (DAPI). Arrow indicates nuclear staining of the PKNOX2 con-
struct.

Nuclear Localization of PKNOX2

Since a computer-based analysis using the PSORT Il
program predicted nuclear localization (Fig. 1), we in-
vestigated the sub-cellular localization of this protein
by adding an epitope-tag that would be detected by
immunofluorescence. Using this approach we con-
firmed that PKNOX2 is present in the nucleus but is
excluded from nucleoli (Fig. 4). No detectable staining
was observed in cells transfected with the parental
plasmid as a control (data not shown). As it contains a
DNA-binding motif, PKNOX2 may function as a nu-
clear transcription factor. Interestingly, it has been
reported that mouse homolog of PKNOX1 is localized
mainly in the cytoplasm, and its interaction with PBX1
is necessary for its nuclear localization as a PBX1-
PKNOX1 complex (18). It will be interesting to deter-
mine whether the constitutive nuclear localization of
human PKNOX2 is regulated by similar mechanism.

In summary, we have identified PKNOX2 as a novel
TALE homeodomain-encoding gene, located at 11g24.
The structure and sub-cellular localization of PKNOX2
indicate that this protein functions as a nuclear tran-
scription factor.

ACKNOWLEDGMENTS

We thank Professor Yusuke Nakamura for his continuous encour-
agement. We also thank Ai Watanabe for expert technical assistance.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

This work was supported by Grants-in-Aid for Scientific Research on
Priority Areas (C) from the Ministry of Education, Culture, Sports,
Science, and Technology, Japan.

REFERENCES

1. Gehring, W. J., Affolter, M., and Burglin, T. (1994) Homeodo-
main proteins. Annu. Rev. Biochem. 63, 487-526.

2. Bertolino, E., Reimund, B., Wildt-Perinic, D., and Clerc, R. G.
(1995) A novel homeobox protein which recognizes a TGT core
and functionally interferes with a retinoid-responsive motif.
J. Biol. Chem. 270, 31178-31188.

3. Burglin, T. R. (1997) Analysis of TALE superclass homeobox
genes (MEIS, PBC, KNOX, Iroquois, TGIF) reveals a novel do-
main conserved between plants and animals. Nucleic Acids Res.
25, 4173-4180.

4. Knoepfler, P. S., Calvo, K. R., Chen, H., Antonarakis, S. E., and
Kamps, M. P. (1997) Meis1 and pKnox1 bind DNA cooperatively
with Pbx1 utilizing an interaction surface disrupted in oncopro-
tein E2a-Pbx1. Proc. Natl. Acad. Sci. USA 94, 14553-14558.

5. Bischof, L. J., Kagawa, N., Moskow, J. J., Takahashi, Y.,
Iwamatsu, A., Buchberg, A. M., and Waterman, M. R. (1998)
Members of the meisl and pbx homeodomain protein families
cooperatively bind a cAMP-responsive sequence (CRS1) from
bovine CYP17. J. Biol. Chem. 273, 7941-7948.

6. Yang, Y., Hwang, C. K., D'Souza, U. M., Lee, S. H., Junn, E., and
Mouradian, M. M. (2000) Three-amino acid extension loop home-
odomain proteins Meis2 and TGIF differentially regulate tran-
scription. J. Biol. Chem. 275, 20734-20741.

7. Chan, S. K., Jaffe, L., Capovilla, M., Botas, J., and Mann, R. S.
(1994) The DNA binding specificity of Ultrabithorax is modu-
lated by cooperative interactions with extradenticle, another ho-
meoprotein. Cell 78, 603—-615.

8. Rauskolb, C., and Wieschaus, E. (1994) Coordinate regulation of
downstream genes by extradenticle and the homeotic selector
proteins. EMBO J. 13, 3561-3569.

9. Imoto, I., Pimkhaokham, A., Watanabe, T., Sito-Ohara, F.,
Soeda, E., and Inazawa, J. (2000) Amplification and overexpres-
sion of TGIF2, a novel homeobox gene of the TALE superclass, in
ovarian cancer cell lines. Biochem. Biophys. Res. Commun. 276,
264-270.

10. Berthelsen, J., Zappavigna, V., Mavilio, F., and Blasi, F. (1998)
Prepl, a novel functional partner of Pbx proteins. EMBO J. 17,
1423-1433.

11. Berthelsen, J., Zappavigna, V., Ferretti, E., Mavilio, F., and
Blasi, F. (1998) The novel homeoprotein Prepl modulates Pbx-
Hox protein cooperatity. EMBO J. 17, 1434-1445.

12. Penkov, D., Tanaka, S., Di Rocco, G., Berthelsen, J., Blasi, F.,
and Ramirez, F. (2000) Cooperative interactions between PBX,
PREP, and HOX proteins modulate the activity of the alpha 2(V)
collagen (COL5A2) promoter. J. Biol. Chem. 275, 16681-16689.

13. Herzig, S., Fuzesi, L., and Knepel, W. (2000) Heterodimeric
Pbx-Prepl homeodomain protein binding to the glucagon gene
restricting transcription in a cell type-dependent manner.
J. Biol. Chem. 275, 27989-27999.

14. Inazawa, J., Saito, H., Ariyama, T., Abe, T., and Nakamura, Y.
(1993) High resolution cytogenetic mapping of 342 makers in-
cluding 43 RFLP makers on human chromosome 17 by fluores-
cence in situ hybridization. Genomics 17, 153-162.

15. Burglin, T. R. (1994) A comprehensive classification of homeobox
genes. In Guidebook to the Homeobox Genes (Duboule, D., Ed.),
pp. 27-41, Oxford Univ. Press, Oxford, UK.

16. Ferretti, E., Schulz, H., Talarico, D., Blasi, F., and Berthelsen, J.
(1999) The PBX-regulating protein PREP1 is present in different
PBX-complexed forms in mouse. Mech. Dev. 83, 53—64.

275



Vol. 287, No. 1, 2001

17.

18.

19.

20.

21.

Thorsteinsdottir, U., Kroon, E., Jerome, L., Blasi, F., and Sau-
vageau, G. (2001) Defining roles for HOX and MEIS1 genes in
induction of acute myeloid leukemia. Mol. Cell. Biol. 21, 224—
234.

Berthelsen, J., Kilstrup-Nielsen, C., Blasi, F., Mavilio, F., and
Zappavigna, V. (1999) The subcellular localization of PBX1 and
EXD proteins depends on nuclear import and export signals and
is modulated by association with PREP1 and HTH. Genes Dev.
13, 946-953.

Jaw, T. J., You, L. R., Knoepfler, P. S., Yao, L. C., Pai, C. Y.,
Tang, C. Y., Chang, L. P., Berthelsen, J., Blasi, F., Kamps, M. P.,
and Sun, Y. H. (2000) Direct interaction of two homeoproteins,
homothorax and extradenticle, is essential for EXD nuclear lo-
calization and function. Mech. Dev. 91, 279-291.

Chen, H. C., Rossier, C., Nakamura, Y., Lynn, A., Chakravarti,
A., and Antonarakis, S. E. (1997) Cloning of a novel homeobox-
containing gene, PKNOX1, and mapping to human chromosome
21g22.3. Genomics 41, 193-200.

Gentile, M., Wiman, A., Thorstenson, S., Loman, N., Borg, A,
and Wingren, S. (2001) Deletion mapping of chromosome seg-

22.

23.

24.

25.

276

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ment 11g24—q25, exhibiting extensive allelic loss in early onset
breast cancer. Int. J. Cancer 92, 208-213.

Launonen, V., Stenback, F., Puistola, U., Bloigu, R., Huusko, P.,
Kytola, S., Kauppila, A., and Wingvist, R. (1998) Chromosome
11922.3—g25 LOH in ovarian cancer: Association with a more
aggressive disease course and involved subregions. Gynecol. On-
col. 71, 299-304.

Tanaka, K., Eguchi, M., Eguchi-Ishimae, M., Hasegawa, A.,
Ohgami, A., Kikuchi, M., Kyo, T., Asaoku, H., Dohy, H., and
Kamada, N. (2001) Restricted chromosome breakpoint sites on
11922-@23.1 and 11925 in various hematological malignancies
without MLL/ALL-1 gene rearrangement. Cancer Genet. Cyto-
gent. 124, 27-35.

Moskow, J. J., Bullrich, F., Huebner, K., Daar, I. O., and Buch-
berg, A. M. (1995) Meisl, a PBX1-related homeobox gene in-
volved in myeloid leukemia in BXH-2 mice. Mol. Cell. Biol. 15,
5434-5443.

Knoepfler, P. S., Calvo, K. R., Chen, H., Antonarakis, S. E., and
Kamps, M. P. (1997) Meis1 and pKnox1 bind DNA cooperatively
with Pbx1 utilizing an interaction surface disrupted in oncopro-
tein E2a-Pbx1. Proc. Natl. Acad. Sci. USA 94, 14553-14558.



	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	FIG. 1
	FIG. 2
	TABLE 1
	FIG. 3
	FIG. 4

	ACKNOWLEDGMENTS
	REFERENCES

