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The three-amino-acid loop extension (TALE) homeo-
omain proteins are highly conserved transcription
egulators. Since cooperative function among mem-
ers of this growing family is critical for regulating
ranscription, we have tried to explore novel members
o understand their regulatory mechanisms in cellular
roliferation and differentiation. Here we report iden-
ification of PKNOX2, a novel TALE homeodomain pro-
ein that shows distinct homology with PKNOX1, a
table partner of PBX proteins. PKNOX2 is composed
f 460 amino acids and contains HR1, HR2, and home-
domain, which are highly similar to PKNOX1, sug-
esting that PKNOX2 may also interact with PBX pro-
eins as well as the same DNA sequence as PKNOX1.
enomic organization of PKNOX2 also showed high

imilarity to PKNOX1, though PKNOX2 lies on a dif-
erent chromosomal region, 11q24. Unlike PKNOX1,
hich was broadly expressed in many tissues,
KNOX2 showed a more restricted pattern of mRNA
xpression. Nuclear localization of PKNOX2 was con-
rmed by transfection of epitope-tagged cDNA. Taken
ogether, these data indicate that PKNOX2 is a novel
KNOX-related protein and may interact with PBX
roteins and play a tissue-specific regulation of
ranscription. © 2001 Academic Press

Key Words: PKNOX2; homeodomain; PKNOX1; TALE
amily; 11q24.

Homeodomain protein superfamily comprises a large
umber of sequence specific transcription factors shar-

ng a highly conserved DNA-binding homeodomain,
nd play fundamental roles in cellular proliferation,
ifferentiation, and death (1). The three-amino-acid
oop extension (TALE) superclass of homeodomain pro-
eins is characterized by an extension of three amino
cids between a-helices 1 and 2 within the homeodo-
ain (2, 3). Members of this superclass, such as MEIS-,

1 To whom correspondence should be addressed. Fax: 181-3-5803-
820. E-mail: johinaz.cgen@mri.tmd.ac.jp.
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ighly conserved, and are present in the common an-
estor of plants, fungi, and animals (3). Interestingly,
ooperative function among TALE family members is
ritical for regulating transcription (4–6), and several
embers have been shown to function as essential

ontributors to the HOX-mediated developmental pro-
ram (7, 8). These features had led us to search for
ovel members of this growing and interesting super-
amily, in an effort to better understand regulatory

echanisms involving homeodomain proteins. In pre-
ious search using computer-assisted method, actu-
lly, we have successfully identified one of the TGIF-
elated proteins, TGIF2 (9).
PKNOX1, a member of TALE superfamily homeodo-
ain protein, has been identified as one of the compo-

ents of human transcription factor complex urokinase
nhancer factor 3 (UEF3) (10). The PKNOX1 homeodo-
ain is most closely related to those of the MEIS and
GIF proteins and, like these, recognizes a TGACAG
otif. Interestingly, this protein stably heterodimer-

zes with PBX1, another subunit of UEF3, independent
f DNA binding, resulting in a strong DNA binding
ffinity of the heterodimerized complex towards the
GACAG target site. The PKNOX1-PBX1 complex
inds DNA cooperatively with other transcription fac-
ors, including HOX family proteins, and PKNOX1 is
ble to act as a co-activator in the transcription of
BX-HOX activated promoters (11, 12). In some genes

ncluding glucagons (13), PKNOX1-PBX heterodimers
lso can repress the transcription. Thus, PKNOX1 may
e a stable intracellular partner of PBX proteins to
egulate transcription of specific genes positively and
egatively.
PKNOX1 is ubiquitously expressed in almost all tis-

ues examined, though the PBX isoforms vary in dif-
erent tissues. In addition, PKNOX1-related proteins
ave never been identified except PKNOX1, whereas
ther members of the TALE superfamily form a super-
amily (3). In order to explore other members of this
ubfamily, which may show unique tissue expression
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abase searches, analysis of expressed sequence tag
EST) clones, and reverse transcription-polymerase
hain reaction (RT-PCR), as in a previous study (9).
ere we report the identification and characterization

f the second member of this subfamily, designated as
KNOX2.

ATERIALS AND METHODS

Cloning and sequencing of human PKNOX2. We searched for
KNOX-related proteins by comparing human PKNOX1 sequence

GenBank accession number: NM_004571) against the databases of
STs and genomic sequences, using the BLAST program (http://
ww.ncbi.nlm.nih.gov/BLAST/). Of several EST clones identified by

his search, we purchased three clones from Incyte Genomics Inc.
St. Louis, MO): IMAGE clones 347065, 265097, and 1583683. Since
ll these EST clones contain part of the entire coding sequence, we
sed RT-PCR to obtain cDNA fragments containing the entire coding
equence. cDNA was synthesized using mRNA derived from human
rain, and then PCR amplifications were performed using primers
enerated on the basis of EST and genomic sequence (GenBank
ccession number AC009807) and Platinum Pfx DNA polymerase
Gibco BRL, Gaithersburg, MD) according to the manufacturer’s
irections. PCR products were sub-cloned for sequencing with a 377
BI autosequencer (PE Biosystems, Foster City, CA). Analyses of
equences and comparisons of data were performed using BLAST,
OTIF (http://motif.genome.ad.jp/) and PSORT II (http://cookie.

mcb.osaka-u.ac.jp/nakai/psort.html) programs.

Northern blot analysis. Northern blots of RNA from different
uman tissues (Human 12-lane MTN blot) were obtained from Clon-
ech, Inc. (Palo Alto, CA). A cDNA probe containing full coding
equence of PKNOX2 was labeled with [a32P]dCTP by random prim-
ng (Megaprime, Amersham Pharmacia Biotech), and hybridized to
he prehybridized blots. Blots were washed in a solution of 0.13
SC/0.1% SDS, and then exposed for 72 h.

Fluorescence in situ hybridization (FISH). FISH analyses were
erformed as described previously (9, 14), using a bacterial artificial
hromosome (BAC) containing PKNOX2 (RP11-417F7) as the probe.
igoxigenin-11-dUTP-labeled probe was hybridized to metaphase

hromosomes prepared from normal male lymphocytes, and specific
ignals were detected with rhodamine anti-digoxigenin antibody
Roche Diagnostics, Tokyo, Japan). Precise localization of PKNOX2
as determined on elongated prometaphase chromosomes.

Expression construct and transfection. A plasmid construct en-
oding an epitope-tagged form of PKNOX2 was assembled by cloning
he coding sequence of this gene in-frame with Xpress epitope into
he pcDNA3.1/HisC vector (Invitrogen, Carlsbad, CA). After confirm-
ng the sequence, we transfected pcDNA3.1-His-PKNOX2 into
OS-7 cells using FUGEGE6 (Roche Diagnostics) according to the
anufacturer’s instructions. Forty-eight hours after transfection,

ells were washed with phosphate-buffered saline and fixed with
cetone/methanol (1:1 v/v). Epitope-tagged PKNOX2 protein was
ocalized within cells using monoclonal anti-Xpress antibody (In-
itrogen) and FITC-conjugated anti-mouse secondary antibody
MBL, Nagoya, Japan) according to the manufacturer’s suggestions.

ESULTS AND DISCUSSION

KNOX2 Is a Novel Member of the TALE-
Superfamily of Homeodomain Proteins

PKNOX1 encodes a DNA-binding homeodomain pro-
ein that can interact with PBX (10). Evidence for the
271
red during the process of comparing PKNOX1 amino
cid and nucleotide sequences against public data-
ases using the BLAST program. With this approach,
e identified genomic sequence present in BAC RP11-
17F7 (GenBank accession number AC009807), which
ontains a gene predicted to encode a protein similar to
KNOX1 and several ESTs including three clones an-
lyzed in this study. We used RT-PCR to connect gaps
etween the partial PKNOX1-related sequences of the
STs and to confirm the exonic sequences predicted

rom the sequence of ESTs and BAC. In this manner
e isolated a cDNA that provided the entire coding

equence for a novel 460-amino-acid (50.8 kDa) protein
ontaining an atypical homeodomain referred to as
ALE (Fig. 1).
The homeodomain of PKNOX2 resembles those of

he divergent TALE class of homeodomain proteins
Fig. 1B) and is characterized by a conserved insertion
f three amino acids between helices 1 and 2 (3). The
omeodomain of PKNOX2 is 94% identical to the cor-
esponding domain within PKNOX1 (Fig. 1). In addi-
ion, PKNOX2 homeodomain sequence has 45/63 (71%)
esidues identical with those of human MEIS-related
roteins, 32/63 (51%) with human TGIF-related pro-
eins, 24/63 (38%) with human PBX1, 3 and 4, 23/63
37%) with human PBX2, and 14/60 (23%) with the
omeodomain consensus (15). PKNOX1 displays a spe-
ific, albeit low, affinity for the TGACAG motif, which
s identical to those bound by human MEIS and TGIF
roteins (3). PKNOX1, TGIF and MEIS are almost
dentical in the third helix of their homeodomains, i.e.
he DNA-recognition helix, and in particular they have
n isoleucine at the third position of the highly con-
erved homeodomain motif, WF-N-N, of the third helix.
ince isoleucine is rarely found at this position in ho-
eodomains (3, 15), these proteins represent a novel

merging subclass of homeodomains that shows bind-
ng preference for a TGACAG-like motif. Based on the
igh similarity of homeodomains, especially the third
elix, between these proteins and PKNOX2, the
KNOX2 homeodomain may recognize the same TGA-
AG motif as well, suggesting this protein is the novel
ember of this subclass.
Outside of the homeodomain, two regions of 22 and

0 amino acids, respectively HR1 and HR2 (10), dis-
lay strong homology to similar regions in PKNOX1
nd MEIS proteins (Fig. 1). These regions are not
ound in any other members in human TALE class
omeodomain proteins. Their position relative to the
omeodomain is also conserved among these proteins.
R1 and HR2 domains have been shown to mediate

nteractions of PKNOX1 proteins with N-terminal re-
ion of PBX proteins, and are essential for PBX-
KNOX1 heterodimerization (10). This association
ith PBX increases the affinity of PKNOX1 for DNA
inding (10, 13). In addition, the PBX-PKNOX1 com-
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lexes are very stable and form independently of DNA
10, 16). Taken together, these data indicate that
KNOX1 is the predominant partner of PBX proteins,

FIG. 1. (A) Alignment of human PKNOX1 and PKNOX2 protein
D: 20010706081615.75447, respectively). Numbers at right refer to
he HR1 and HR2 domains are underlined, and homeodomain (HD)
y a series of solid circles. (B) Amino acid homologies with PKNOX2 h
y (–). Residue identities and similarities of the different homeodoma
nd in percentage (in parentheses).
272
uggesting potentially widespread functions for PBX-
KNOX1 that are likely to play key roles in the regu-

ation of coordinated gene transcription. Since HR1

uences (GenBank accession numbers NM_004571 and DDBJ entry
ino acid residues. Identical amino acids are highlighted by shading.
uences are boxed. A putative nuclear localization signal is indicated
eodomain. Amino acid identity with respect to PKNOX1 is indicated
ith respect to PKNOX2 are indicated as a absolute number (in bold)
seq
am
seq
om
in w
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nd HR2 of PKNOX2 have high similarity with those of
KNOX1, it is conceivable that PKNOX2 may interact
ith PBX proteins as well, and modulate PBX-HOX

unctions.
Apart from the homeodomain and the HR domains,

he PKNOX2 protein share relatively high sequence
imilarity with the PKNOX1 (Fig. 1), but not with the
EIS proteins (10). Like PKNOX1 (17), therefore,
KNOX2 may function differently from the MEIS pro-
eins, although PKNOX1 can substitute for MEIS pro-
eins in several cases (18, 19). Further study identify-
ng biochemical and biological difference between
KNOX2 and PKNOX1 will contribute to understand
he role of PKNOX2 protein.

hromosomal Localization and Genomic
Organization of PKNOX2

FISH using BAC clone RP11-417F7 as a PKNOX2-
pecific probe exhibited clear signals on chromosomes
1q24–q25 (Fig. 2A), and further on sub-band 11q24 in
longated prometaphase chromosomes (Fig. 2B). Pre-
ious study demonstrated that the PKNOX1 gene is
ocalized on human chromosome 21q22.3 (20). Thus,
he PKNOX genes were not clustered within the ge-

FIG. 2. (A) Mapping of the PKNOX2 gene by FISH. Metaphase
enomic DNA from BAC RP11-417F7. Typical hybridization signa
KNOX2-specific signals were sublocalized at 11q24 in elongated pr
273
ome. Previous studies have demonstrated that hu-
an chromosome 11q24–q25, to which PKNOX2 is

ocalized, is deleted in various malignancies, such as
reast cancer and ovarian cancer (21, 22). In addition a
estricted chromosomal breakpoint site around this re-
ion has also been demonstrated in various hematolog-
cal malignancies (23). Complex genetic and biological
nteractions between members of the TALE family and
OX proteins appear to be important for leukemic

ransformation (17, 24, 25). Thus, the aberrant expres-
ion of this gene might be involved in the development
f solid tumors and/or a subset of leukemia. Further
tudies will be required to address this possibility.
The exon-intron structure for PKNOX2 gene was de-

ermined by comparing the sequence from the 3178-bp
DNA (DDBJ entry ID 20010706081615.75447) to the
orresponding genomic sequence (Table 1). The PKNOX2
ene contains at least 10 exons. Comparison of the
enomic sequences demonstrates the high degree of sim-
larity between the exon-intron structure of PKNOX2
nd PKNOX1 (Table 1). Exons 2 and 3, exons 3 and 4, and
xons 7 to 9 of PKNOX2 encode the same domains as
heir PKNOX1 counterparts. Moreover, all exons, includ-
ng two exons with the exact same basepair length in

romosomes from human diploid cells were hybridized with labeled
appear on both chromosomes 11 at band q24–q25 (arrows). (B)
etaphase chromosomes.
ch
ls
om
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oth proteins, have similar size. This shared exon-intron
attern parallels the high level of homology between the
hared protein domains of both PKNOX2 and PKNOX1.
hese data clearly suggest that PKNOX2 and PKNOX1
re paralogous genes.

issue Distribution of PKNOX2 mRNA

Northern-blot analysis of RNA derived from various
uman tissues was performed to gain insight into the
patial distribution of PKNOX2 mRNA. As shown in Fig.
, a single 4.6-kb PKNOX2 transcript, which is different
rom PKNOX1 transcript in size (20), was expressed in
everal tissues. Abundant expression was revealed in
rain and skeletal muscle, and the transcript was almost

Delineation of PKNOX2 Exon–Intron Boundar
between the PKNOX

PKNOX2

xon number Exon size (bp) Splice acceptora

1 79 CA
2 140 ctctctgc ag ATGACGGCAA C
3 172 gtccctgc ag GCACCCTCTT G
4 189 ctctccac ag ATGGTGAAGG T
5 130 tcactgcc ag GACCTCCTGC G
6 98 gtctcctc ag GTGGAGCCTT G
7 120 tgccctga ag GTTAACCTTG G
8 76 ctcgtttc ag CACCCCTACC G
9 180 ctctgggc ag GGTTCATCAA A

10 1994 tctctcgc ag GTTCCATCAA

a Exon sequences are in uppercase letters and intron sequences a
b PKNOX1 exons are numbered according to Gen Bank accession
c HD; homeodomain.

FIG. 3. Expression of PKNOX2 mRNA in normal human tissue
DNA. The same blot was rehybridized with a GAPDH probe, as a c
274
ndetectable in colon, liver, and peripheral leukocytes.
his expression pattern is completely different from that
f PKNOX1; for example, the latter is ubiquitously ex-
ressed and two mRNA species with different sizes were
etected in all tissues (20). Tissue specific expression of
KNOX2 gene indicates that PKNOX1 and PKNOX2
ay have distinct roles through forming heterodimers
ith the different PBX proteins and/or PKNOX2 may
odulate the regulatory function of PKNOX1 in a tissue-

pecific manner.
The transcript is significantly longer than the iso-

ated and assembled cDNA sequence. The difference in
he size is likely due to additional 59-untranslated re-
ion (UTR) and poly(A) tail sequence of PKNOX2.

and the Exon Size and Domain Comparison
nd PKNOX1 Genes

Domains

PKNOX1b

Splice donora Exon number Exon size (bp)

CCACAGgt gagtgcgc 1 111
TATACAGgt aggagaca HR1 2 128
CAATCTGgt aaagaccc HR1, 2 3 172
CTCACAGgt aacaccca HR2 4 171
GTGTCAGgt cggtgcaa 5 100
CACACAGgt gagtgtgt 6 98
TCTCATGgt gagtgtgt HDc 7 129
AACAACTgt gagtttgc HD 8 77
CCCGATGgt aagaactg HD 9 173

10 2035

n lowercase letters.
ber NM_004571 (cDNA) and NT_011514 (genomic DNA).

A multitissue Northern blot (Clontech) was probed with PKNOX2
rol for RNA loading and transfer.
ies
2 a

GC
TG
GA
CA
TT
AA
CA
TA
AC

re i
num
s.
ont
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uclear Localization of PKNOX2

Since a computer-based analysis using the PSORT II
rogram predicted nuclear localization (Fig. 1), we in-
estigated the sub-cellular localization of this protein
y adding an epitope-tag that would be detected by
mmunofluorescence. Using this approach we con-
rmed that PKNOX2 is present in the nucleus but is
xcluded from nucleoli (Fig. 4). No detectable staining
as observed in cells transfected with the parental
lasmid as a control (data not shown). As it contains a
NA-binding motif, PKNOX2 may function as a nu-

lear transcription factor. Interestingly, it has been
eported that mouse homolog of PKNOX1 is localized
ainly in the cytoplasm, and its interaction with PBX1

s necessary for its nuclear localization as a PBX1-
KNOX1 complex (18). It will be interesting to deter-
ine whether the constitutive nuclear localization of
uman PKNOX2 is regulated by similar mechanism.
In summary, we have identified PKNOX2 as a novel

ALE homeodomain-encoding gene, located at 11q24.
he structure and sub-cellular localization of PKNOX2

ndicate that this protein functions as a nuclear tran-
cription factor.
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FIG. 4. Nuclear localization of PKNOX2. COS-7 cells were tran-
iently transfected with a vector containing Xpress epitope-tagged
KNOX2 cDNA. The presence of tagged protein was detected micro-
copically after being stained with an anti-Xpress antibody and a
ITC-conjugated anti-mouse secondary antibody. The preparations
ere counterstained with 4,6-diamidino-2-phenylindole dihydrochlo-

ide (DAPI). Arrow indicates nuclear staining of the PKNOX2 con-
truct.
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