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NF-YA, B, and C comprise the heterotrimeric tran-
scription factor known as nuclear factor Y (NF-Y) or
CCAAT-binding protein (CBF). NF-Y binds many CCAAT
and Y box (an inverted CCAAT box, ATTGG) elements.
Mutations of these elements that disrupt the binding of
NF-Y result in decreased transcription from various
tissue-specific and inducible promoters. We employed a
yeast two-hybrid system to screen a human liver cDNA
library in an effort to isolate proteins that interact with
NF-Y and that may play a role in tissue-specific or
hormone-inducible promoter activity. Using a fragment
of the NF-YA subunit as bait we isolated a cDNA that
encodes most of the open reading frame of the human
zinc fingers and homeobox 1 (ZHX1) protein. The com-
plete open reading frame was subsequently isolated and
found to encode a protein of 873 amino acids that con-
tains two zinc fingers and five homeodomain motifs.
Northern blot analysis of poly(A)* RNA isolated from
various tissues revealed two major ZHX1 transcripts of
about 4.5 and 5 kilobases. Both transcripts were ex-
pressed ubiquitously, although the 5-kilobase transcript
is of greater abundance in most tissues examined. The
human ZHX1 gene is located on chromosome 8q, be-
tween markers CHCL.GATA50B06 and CHLC.GATA7GO07.
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CCAAT boxes are among the many cis-acting DNA
elements known to be involved in the regulation of
transcription in eukaryotic cells (1). Many tissue-
specific or hormone-regulated promoters require the
binding of the heterotrimeric CCAAT-binding protein
(CBF) (1). The Y box element, originally defined as an
inverted CCAAT box motif (5'-CTGATTGGYY-3') in
the major histocompatibility complex (MHC) class Il
genes, binds NF-Y and plays an important role in
tissue-specific gene expression (2). The binding protein
NF-Y is identical to CBF, and it stimulates gene tran-
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scription when bound to either a CCAAT or Y box (2).
NF-Y, highly conserved among species, is composed of
three subunits, referred to as NF-YA (CBF-B), NF-YB
(CBF-A) and NF-YC (CBF-C), all of which are neces-
sary for DNA binding (1, 3). Although the MHC class 11
genes are expressed in a cell-specific pattern, NF-Y is
ubiquitously expressed (1), and it also binds to Y box
motifs in non-class Il genes, including those that en-
code thymidine kinase (4), albumin (5), a-collagen (6,
7), and interleukin 4 (8).

We have shown that a Y box, a CCAAT box and a CRE
contribute to the basal promoter activity of the rat hexo-
kinase Il (HKII) gene promoter (9). NF-Y binds to the
homologous Y and CCAAT boxes, whereas CREB/ATF-1
homo- and heterodimers bind to the CRE (9). Of these
three basal elements, the CCAAT box and CRE are also
involved in the cAMP response of the HKII gene (9). AY
box mediates cCAMP responsiveness of the human trypto-
phan hydroxylase and fatty-acid synthase genes through
an interaction with an unknown nuclear factor (10, 11).
In addition, a CCAAT box mediates the cAMP response of
the G-protein «;, subunit gene, which lacks a typical CRE
(12). Based on these observations, we postulate that
NF-Y should be added to the list of factors involved in
cAMP-mediated transcription.

There is no evidence to suggest that NF-Y is a phos-
phoprotein, thus the requirement for NF-Y in cAMP-
mediated transcription may be a consequence of its
ability to interact with other transcription factors.
NF-YB interacts with Tax1, a potent activator of hu-
man T-cell lymphotropic virus type 1 transcription
(13). NF-YB and NF-YC both interact with the TATA-
binding protein (14). To further analyze the molecular
mechanism of transcription activation by NF-Y, we
first determined whether the NF-YA subunit interacts
with either a known or a novel transcription factor.
Accordingly, a human liver cDNA library was screened
in an effort to isolate a protein that interacts with
NF-YA in the yeast two-hybrid system. This resulted in
the isolation of the cDNA for the human zinc fingers
and homeobox 1 (ZHX1) protein. This putative tran-
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scription factor specifically interacts with NF-YA both
in vivo and in vitro.

MATERIALS AND METHODS

Plasmid construction. A double-stranded oligonucleotide, con-
sisting of a customized multiple cloning site with EcoRl and BamHI
cohesive ends (5'-AATTGCATATGGAATTCGCGGCCGCCCCGGGG-
ATC-3’), was inserted into the EcoRl and BamHI sites of a GAL4
DNA-binding domain (DBD) cloning vector, pGBT9 (Clontech; Palo
Alto, CA). The resultant plasmid, pGBT9(N/R/N), has several cloning
sites arranged in the following order: Ndel, EcoRl, Notl, Smal, BamHI,
Sall, and Pstl, respectively. A cDNA fragment that contains the open
reading frame (ORF) of NF-YA with Ndel and EcoRIl ends was
amplified by the polymerase chain reaction (PCR) and ligated into
the Ndel and EcoRlI sites of pGBT9(N/R/N) to generate pGBTI(N/R/
N)NF-YA. A deletion construct that encodes the first 269 amino acids
of NF-YA was made by digesting pGBTO(N/R/N)NF-YA with Afll1
and EcoRI to remove a 219-bp fragment. The cohesive ends were
made blunt-ended using T4 DNA polymerase, and the plasmid was
recircularized using blunt-end self ligation by standard techniques
(15). This construct, pGBT9(N/R/N)YA1-269, lacks the sequence that
encodes the subunit interaction domain and the DBD of NF-YA.

The ZHX1 clone selected for study (#111), in the pACT2 vector,
was digested with EcoRI and Xhol. A 0.4-kb EcoRI fragment and a
3.5-kb EcoRI-Xhol fragment were ligated into the corresponding
EcoRl and EcoRI-Xho | sites of the pBluescriptll-SK(+) vector
(Stratagene). These plasmids were named pBSII-hZHX1E and
pBSII-hZHX1E/X. The 3.5 kb EcoRI1-Xhol fragment of ZHX1 cDNA
(described above) was ligated into the EcoRIl and Xhol sites of the
pGEX-4T-2 vector (Pharmacia; Piscataway, NJ) to construct an ex-
pression vector for the glutathione-S-transferase fusion protein des-
ignated GST - ZHX1. The resultant plasmid was digested with EcoRI
and the 0.4-kb EcoRI ZHX1 cDNA fragment (described above) was
inserted into this vector to produce pGST - ZHX1#111. The insertion
sites of this plasmid were determined by DNA sequencing to ensure
that the ORF of the GST - ZHX1 fusion protein was maintained.
cDNA fragments that contain the ORF of NF-YA and NF-YB with
Ndel and EcoRI ends were amplified by PCR. These were subcloned
into the Ndel and EcoRI sites of the pET-3a to obtain NF-YA -
pET-3a and NF-Y - BpET-3b, respectively.

cDNA library screening. The yeast two-hybrid system, Yeast-
maker, and the human liver Matchmaker cDNA library were pur-
chased from Clontech. All procedures were performed as described by
the manufacturer unless otherwise stated. The yeast strain HF7c,
which has HIS3 and lacZ reporters, was transformed with either
pGBTI(N/R/N)NF-YA or pGBT9(N/R/N)YA1-269 using a transforma-
tion method (16). The HF7c strain, harboring either the pGBT9(N/R/
N)NF-YA or pGBT9(N/R/N)YA1-269 plasmid, was used to screen the
human liver Matchmaker cDNA library. Approximately 1 X 10° pri-
mary transformants were obtained from the human cDNA library.
These transformants were selected on SD-His-Trp-Leu plates to iden-
tify interactions of NF-YA with other proteins using the HIS3 reporter
of the HF7c yeast strain. As the second confirmation of protein - protein
interactions involving NF-YA, the lacZ reporter of the HF7c yeast strain
was examined in pHis*Trp*Leu*-clones by measuring p-galactosidase
(B-gal) activity using a filter assay. Plasmid DNA was prepared from
yeast clones that were both His* Trp*Leu*- and B-gal activity positive.
Each of these plasmids was transformed by electroporation into the E.
coli strain, Electromax DH10B (GIBCO/BRL). As the second screen,
HF7c¢ harboring the NF-YA encoding plasmid was transformed with
each of the cDNA clones to isolate reproducible His Trp*Leu’- and
B-gal activity-positive clones. Clones that were positive for both reporter
assays and both screens were further characterized.

Liquid B-galactosidase assays. The yeast strain SFY526 that
contains a quantifiable lacZ reporter, and either the pGBT9(N/R/N)
or pGBTI9(N/R/N)YA1-269 plasmids, was transformed with clone
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#111 or the parent vector, pACT2. Quantitative B-galactosidase as-
says, using o-nitrophenyl-B-p-galactoside, were carried out on per-
meabilized cells, as described (15). Units of p-galactosidase activity
were defined by the formula (1000 X OD 4)/(t X V X ODgy), Where
OD,y is the absorbance of o-nitrophenyl-B-b-galactoside at 420 nm; t
is the length of incubation (time in min); V is the volume of the yeast
culture from which the assayed extract sample was prepared; and
ODy is the absorbance at 600 nm of 1 ml of the yeast culture used
to prepare the assayed extract.

Nucleic acid sequencing and sequence analysis. The DNA se-
quence of each clone was determined using a Sequenase kit (Amer-
sham) and a custom-synthesized sequencing primer 5’-TACCACTAC-
AATGGATG-3') that corresponds to the GAL4-activation domain in the
pACT2 plasmid. The sequence of the ZHX1 cDNA was determined
using a Sequenase kit (Amersham) or by an automated DNA sequencer,
with commercially available sequencing primers or custom-synthesized
primers using known ZHX1 cDNA sequences. Nucleotide sequences
from each positive clone were compared to those entered in the Gen-
Bank database using the BLAST sequence search and comparison
program (17).

GST binding assay for protein - protein interactions. Topp3 cells
(Stratagene) that contain the pGEX-4T-2 vector or a GST - ZHX1
fusion protein expression plasmid (pGST - ZHX1#111) were grown in
LB media, and fusion protein expression was induced for 4 h at room
temperature by the addition of IPTG to a concentration of 0.4 mM.
Bacteria collected from a 20-ml culture were resuspended in 1 ml of
lysis buffer (50 mM Tris—HCI, pH 8.0, 150 mM NacCl, 100 mM EDTA,
1% Triton X-100, 1 mM PMSF, 10 mM DTT), transferred to a 1.5-ml
centrifuge, sonicated three times for 10 s and then centrifuged at
1500g for 5 min at 4°C. The supernatant was divided into 100-ul
aliquots in 1.5 ml centrifuge tubes and diluted with the addition of
500 wl of lysis buffer. The diluted supernatant was gently mixed for
18 h at 4°C with 40 ul of a 50% slurry of glutathione—agarose
(Sigma). The GST-fusion protein—glutathione agarose complex was
pelleted by centrifugation at 3000g for 30 s at 4°C and washed three
times by resuspending the complex in 500 ul of lysis buffer and
repeating the centrifugation. The complex was then washed once
with interaction buffer (10 mM Tris—HCI, pH 8.0, 50 mM NacCl, 5
mM EDTA, 0.1% Triton X-100, 1 mM PMSF, 1 mM DTT). Each
protein to be tested for interaction with the GST-fusion protein was
synthesized from a plasmid template and labeled with [*S]methi-
onine using the T7 TNT Quick-coupled Transcription/Translation
System (Promega; Madison, WI). NF-YA - pET-3a and NF-YB -
pET-3a plasmids were used as templates for the in vitro synthesis of
labeled NF-YA and NF-YB. Ten microliters of each labeled protein
and 200 wl of interaction buffer were used to resuspend the GST-
fusion protein—glutathione agarose complex after the final wash.
The protein binding/interaction reaction was carried out for 30 min
at room temperature with continuous gentle mixing. The newly
formed complex was then washed three times with 500 ul of inter-
action buffer and once with a solution of 10 mM Tris—HCI, pH 8.0, 50
mM NaCl, 5 mM EDTA. After the final wash, the complex was
resuspended in 2X SDS-PAGE sample buffer and boiled for 5 min to
elute the proteins from the agarose beads. The beads were pelleted
by centrifugation and each supernatant was loaded on a 10% SDS—
PAGE gel with a prestained molecular weight marker (Sigma). En-
hanced detection of *S-labeled proteins was done as described (18).
The gel was dried and exposed to Kodak XAR film at —70°C. The
relative purity and amount of each fusion protein were determined
by gel-staining with Coomassie brilliant blue.

Isolation of total RNA, reverse transcription and polymerase chain
reaction. HepG2 cells, a human hepatoma cell line, were cultured
as described previously (19). Total RNA was isolated from HepG2
cells using the acid guanidine-phenol-chloroform method (20). Re-
verse transcription was performed at 37°C for 1 h in a 50-ul reaction
mixture that contained 50 mM Tris—HCI, pH 8.3, 50 mM KCI, 10 mM
MgCl,, 0.5 mM spermidine, 10 mM DTT, 35 units of RNase inhibitor
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TABLE 1

Confirmation of the Specific Interaction
between NF-YA and Clone #111

Growth on
Plasmids
SD-TRP-Leu SD-His-Trp-Leu
Bait Library plate plate
pGBTI9(N/R/N) pACT2 Yes No
pGBT9(N/R/N) #111 Yes No
pGBTI(N/R/N)YA1-269 pACT2 Yes No
pGBT9(N/R/N)YA1-269 #111 Yes Yes

(Promega), 1 mM dNTPs, 50 units of AMV reverse transcriptase
(Promega), 10 pg of total RNA and 25 pmol of primer P1 (5'-CAA-
AACTACCATCAAAAGTCAG-3’). The polymerase chain reaction
(PCR) was performed in a 100 ul reaction mixture that contained 10
mM Tris—HCI, pH 8.3, 50 mM KCI, 1.5 mM MgCl,, 0.001% gelatin, 2
mM dNTPs, 10 pmol of primer P1 and primer N1 (5'-TGAGCT-
TTTCCTCATAACATC-3'), 10 ul of the reverse transcription reaction
as a template, and 5 units of AmpliTag DNA polymerase (Perkin—
Elmer). The PCR was conducted at 94°C for 1 min, followed by 30
cycles of 94°C for 1 min, 50°C for 1 min and 72°C for 1 min. The PCR
product obtained was ligated into the pGEM-T vector (Promega).

Poly(A)" RNA blot analysis. Human Multiple Tissue Northern
and RNA Master Blots (Clontech) were hybridized with a 0.4 kb
[a-**P]dATP-labeled Sall and EcoRI fragment of the ZHX1 cDNA
that was isolated from the pBSII-hZHX1E plasmid and labeled with
the Prime-it Il kit (Stratagene). Prehybridization, hybridization and
washing procedures were performed according to the protocol pro-
vided by the supplier.

Genomic mapping of human ZHX1. The probe used for the RNA
blots was hybridized to two BIOS Somatic Cell Hybrid Blots (BIOS-
Hindlll and BIOS-Taql restricted), as suggested by the supplier
(BIOS). These blots were exposed to Kodak XAR film at —70°C to
visualize the chromosome fragments that contain ZHX1. A second
localization approach involved the use of primer P1 (see above) and
primer N2 (5'-CATTTATTGTTTGTTCAAAGATTG-3’) to screen the
GeneBridge 4 Panel (Research Genetics). After an initial incubation
at 94°C for 10 min, the subsequent PCR incubations were conducted
at 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min for a total of 39
cycles. Based on the ZHX1 cDNA sequence, and the location of the
primers in the same exon, the predicted product size is 476 bp. After
the PCRs, the samples were run on 2% agarose gels and scored for
the presence or absence of the predicted product. These data were
submitted to the Whitehead Institute/MIT Center for Genome Re-
search STS mapping server (Cambridge, MA), which provided the
chromosomal location of ZHX1.

RESULTS

Isolation of human ZHX1 cDNA from a yeast two-
hybrid library screen. pGBT9(N/R/N)NF-YA, a plas-
mid that encodes the entire sequence of NF-YA fused to
the GAL4 DNA-binding domain (DBD), was used to
screen a human liver cDNA library, by the yeast two-
hybrid method. Yeast strain HF7c, which has dual
HIS3 and lacZ reporters for detecting protein - protein
interactions when grown on SD-His-Trp-Leu plates,
was the screening vehicle. Unfortunately, an unaccept-
ably high background was obtained when HF7c cells
were transformed with pGBT9 (N/R/N) NF-YA and
PACT2 (the library vector plasmid). The C-terminal
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region of NF-YA contains the DBD and subunit-
interaction domains (21, 22), which may allow the
GAL4DBD - NFYA protein to interact with HAP3 and
HAP5, the yeast homologs of NF-YB and NF-YC, thus
creating the high background. To circumvent this pos-
sibility, we constructed pGBT9(N/R/N)YA1-269, a plas-
mid that contains an NF-YA cDNA fragment encoding
amino acids 1-269 and lacking the NF-YA DBD and
subunit-interaction domains. The HF7c yeast strain
containing this plasmid, and pACT2, did not show
background activity on an SD-His-Trp-Leu plate. We
then proceeded to screen a human liver cDNA library
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FIG. 1. Determination of a specific interaction between NF-YA

and ZHX1 #111 protein using the yeast two-hybrid system or a GST
binding assay. (A) B-galactosidase activity was determined in yeast
containing the combination of bait plasmids and library plasmids.
(B) In vitro translated, *S-labeled, NF-YA or NF-YB were incubated
with agarose beads containing bound GST or the GST - ZHX1 #111
(GST-#111) fusion protein. The beads were washed and the bound
protein was eluted and analyzed by SDS-PAGE and autoradiogra-
phy. The signal in the lane marked “Input” represents 10% of the
protein added to the reactions shown in the other lanes.
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FIG. 2. Schematic diagram of human ZHX1 cDNA and a comparison of the ZHX1 amino acid sequences of human and mouse. (A) A
schematic representation of human ZHX1 is presented. The two zinc finger domains (Znfl and Znf2) and the five homeodomains (HD1-HD5)
are illustrated. Diagram 142—-873 represents the amino acids included in clone #111. Amino acids 1-157 were obtained by PCR, as described
under Materials and Methods. (B) The ZHX1 amino acid sequences of human and mouse are compared. The dashes indicate amino acid
identity. The two zinc fingers (Znfl and Znf2) and five homeodomains are indicated by the asterisks and underlines, respectively. The acidic
region and putative nuclear localization signals are marked with plus signs and closed circles (®), respectively.

using pGTB9(N/R/N)YAL1-269 as the bait. We obtained dase activity from the lacZ reporter. These 12 clones were
123 putative clones using the HIS3 reporter in the subjected to a second screen. Five clones exhibited repro-
initial screen, but only 12 clones showed B-galactosi- ducible His"Trp“Leu’ and B-galactosidase activity.
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We determined the nucleotide sequence of these five
cDNA clones starting from the region just 3’ of the
GAL4 activation domain (AD) coding sequence. A
translation stop codon is located near the adapter se-
quence used for cDNA synthesis in clones, #9 and #109.
The other three clones, #111, #112, and #120, have a
long open reading frame inframe with the GAL4AD
coding sequence. The nucleotide sequences of clones
#112 and #120 are identical. These clones are currently
undergoing further analysis and are not the topic of
this manuscript. The DNA sequence of clone #111 was
compared with the GenBank database using the
BLAST search program. The deduced amino acid se-
quence is nearly identical with that of the mouse zinc
fingers and homeobox 1 (Zhx1) protein (23) and the
hamster very divergent homeobox (vdx) protein (24),
which are themselves nearly identical. Therefore, we
designated clone #111 as a human homolog of Zhx1.?

ZHX1 interacts with NF-YA. The specificity of the
interaction between NF-YA and the ZHX1 #111 protein
was tested using two different yeast two-hybrid assays
and a GST binding assay. The first yeast two hybrid
test employs a HIS3 reporter. pGBT9(N/R/N), which
encodes the GAL4 DNA-binding domain and the TRP1
gene, and pACT2, which encodes the GAL4-activation
domain and the LEUZ2 gene, are the parent vectors for
this two-hybrid system. When the yeast HF7c strain
containing pGBT9(N/R/N) was transformed with
pPACT2, or clone #111, transformants grew on SD-Trp-
Leu plates but not on SD-His-Trp-Leu plates (Table 1).
However, when HF7c, which contains the pGBT9(N/R/
N)YA1-269 plasmid, was transformed with pACT2 or
clone #111, transformants grew on SD-Trp-Leu plates,
but only yeast transformed with clone #111 grew on a
SD-His-Trp-Leu plate (Table 1).

The specificity of the interaction between NF-YA and
the ZHX1 #111 protein was next quantitated with a lig-
uid B-galactosidase assay. A yeast strain (SFY526) with a
quantitative lacZ reporter gene was used. As shown in
Fig. 1A, only the yeast SFY526 strain harboring both the
PGBTI(N/R/N)YA1-269 and clone #111 exhibited high
levels of B-galactosidase activity, ~10-fold greater than
that noted from a vector-only combination.

Finally, we performed a GST pull-down assay to
confirm the specific interaction between the nontrun-
cated form of NF-YA and the ZHX1 #111 protein. The
ZHX1 #111 protein was expressed in E. coli as a GST
fusion protein. GST and the GST - ZHX1 #111 fusion
protein were immobilized on glutathione agarose
beads. In vitro-translated S*-labeled NF-YA or NF-YB
were incubated with this immobilized fusion protein—
bead complex. Bound S*-labeled NF-YA or NF-YB was
eluted and analyzed by SDS/PAGE and autoradiogra-
phy. NF-YA interacted with GST - ZHX1 #111 but not

> This symbol has been approved by the HUGO nomenclature
committee with the name zinc fingers and homeobox 1.
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FIG. 3. Tissue distribution of human ZHX1 mRNA. A human
multiple tissue northern blot (Clontech) was hybridized with labeled
ZHX1 cDNA, as described above. Each lane contains 2 ug of poly
A*-RNA isolated from the indicated tissues. Size markers are shown
on the left in kb.

GST alone, and NF-YB did not interact with either
GST or GST - ZHX1 #111 (Fig. 1B). The results from
these three experiments suggest that NF-YA and
ZHX1 #111 specifically interact in vitro and in vivo.

Sequence analysis of the human ZHX1 cDNA and its
deduced amino acid sequence. The DNA sequence of
clone #111 contains a poly(A) stretch of 116 nucleotides
at the 3'-terminus of the cDNA that most likely corre-
sponds to a portion of the poly(A)* tail of the ZHX1
MRNA. However, the 5’-terminus of cDNA #111 has a
sequence that corresponds to the codon for the threo-
nine at position 142 of mouse Zhx1. The human and
mouse cDNA sequences are found in several human
expressed sequence tags (EST) database entries. Of
particular interest are the entries T86901, W60281,
and W60373, which appear to be homologous to the
mouse Zhx1l cDNA and which contain 5'-noncoding
sequence and the first 250 bp of coding sequence. Using
the combination of a primer (N1) derived from common
nucleotide sequences in T86901, W60281, and W60373,
and a primer (P1) derived from the clone #111 se-
quence, a cDNA fragment was obtained by RT-PCR
using RNA isolated from HepG2 human hepatoma
cells as a template. This allowed for the isolation of the
5’-noncoding sequence and the portion of the ZHX1
cDNA ORF that is missing in the #111 clone. The
complete amino acid sequence was deduced from the
combination of the sequences derived from this PCR
fragment and clone #111.° The full-length human

® The nucleotide sequence of the ZHX1 cDNA was submitted to
GenBank Accession No. AF106862.
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FIG. 4. Chromosomal location of ZHX1. (A) A Southern blot anal-
ysis of a Hindll1-digested murine-human somatic cell hybrid panel was
performed using a **P-labeled ZHX1 cDNA probe. The probe hybridized
to human control DNA (lanes, 2 and 16) and hybrid cell lines 803 (lane
17), 811 (lane 18), and 909 (lane 21). These all contain fragments of
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ZHX1 cDNA encodes a protein of 873 amino acids,
which is shown in Fig. 2 in comparison with mouse
Zhx1. The human ZHX1 protein has a predicted mo-
lecular mass of 98 kilodaltons (kDa) and an isoelectric
point of 5.7. The human ZHX1 sequence contains mo-
tifs for two C-x-x-C-(x)12-H-x-x-x-x-H zinc fingers and
five homeodomains, two nuclear localization signals
starting at amino acid positions 740 and 860 (see Fig.
2), and a C-terminal cluster of acidic amino acids (830
to 851) that may act as a transcription activation do-
main. These characteristics suggest that ZHX1 may
function as a transcription factor, however, we have no
evidence to suggest that ZHX1 binds to DNA.

Tissue distribution of ZHX1 mRNA. The tissue dis-
tribution of human ZHX1 mRNA was determined by
northern blot analysis (Fig. 3). Two major ZHX1 tran-
scripts of about 4.5 and 5 kb are found in all tissues
examined, however, the ratio and intensity of these
transcripts varies among these tissues. The 5-kb tran-
script is highly expressed in heart, brain, pancreas,
kidney, placenta and skeletal muscle, and in lower
amounts in lung and liver. The 4.5 kb transcript is
highly expressed in skeletal muscle, heart and pan-
creas. Although the mRNA species were not distin-
guished on the RNA master dot blot (see Materials and
Methods), ZHX1 mRNA is expressed in all tissues ex-
amined (data not shown).

Chromosomal localization of human ZHX1 gene.
The location of human ZHX1 was determined by
Southern blot analysis of somatic cell hybrids and by
PCR screening of a radiation hybrid panel. As shown in
Fig. 4A, hybridization with the ZHX1 cDNA probe was
observed in lanes 2 and 16 from human genomic DNA,
but no hybridization occurred with hamster DNA
(lanes 1 and 15). Hybridization signals also were noted
in lanes 17, 18, and 21, which contain genomic DNA
from hamster somatic cell hybrids that contain some
portion of human chromosome 8. No signals were ob-
served in lanes lacking DNA from chromosome 8.

As a second independent approach, the radiation
hybrid panel GeneBridge 4 was screened by PCR to
localize ZHX1 to a particular chromosome (see Mate-
rials and Methods). The presence or absence of the

chromosome 8. (B) A PCR analysis with ZHX1 specific primers of the
GeneBridge 4 panel (see Materials and Methods) yielded the scoring
code data, 001000000100100000000000110100000011010001100110-
011000010121010001011111100002001101110000000, which was sub-
mitted to the Whitehead Institute/MIT Center for Genome Research
STS mapping server. The chromosome location identified is illustrated
as a portion of chromosome 8q, with ZHX1 placed on the radiation
hybrid framework map. The numbers along the left of this chromosome
map indicate the distance between markers shown on the right. 1 cR =
1% frequency of breakage between the markers. The data were ob-
tained from Whitehead Institute Center for Genome Research and are
available at http://www-genome.wi.mit.edu.
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expected 476 bp ZHX1 PCR fragment was scored for
each DNA sample. Analysis of this data indicated that
ZHX1 is located between CHCL.GATA50B06 and
CHLC.GATA7GO07 on chromosome 8q (Fig. 4B).

DISCUSSION

The mouse Zhx1l cDNA was originally isolated by
expression screening with a monoclonal B92 antibody
(23). This antibody recognizes a 100-kDa nuclear pro-
tein in most tissues, and a 49-kDa nuclear protein in
cells of hematopoietic lineage, and it is particularly
abundant in stem cells (25). It is unclear whether the
49-kDa protein represents a closely related protein or
is a processed form of the 100-kDa protein. The pre-
dicted molecular mass of human ZHX1 is 98 kDa,
which is consistent with that of the protein recognized
by the monoclonal B92 antibody. The ZHX1 coding
sequences of human and mouse are 89% identical at
the nucleotide level and 91% identical at the amino
acid level, and the two zinc finger and five homeodo-
main sequences are conserved. The human ZHX1
cDNA and the vdx cDNA of the hamster pancreas have
very similar nucleotide sequences, however, the latter
has not been completely analyzed, so it is not possible
to determine whether vdx cDNA is the hamster ho-
molog of ZHX1 (24).

The ZHX1 mRNA is ubiquitously expressed in adult
and fetal tissues, but there are differences in tissue
expression, as noted above. ZHX1 is expressed as two
major transcripts of 5 and 4.5 kb. The location of ZHX1
to a single location on human chromosome 8 suggests
that these transcripts arise from a single gene. It re-
mains to be determined whether these transcripts re-
sult from different transcription initiation sites, from
alternative processing of the primary transcript, or from
the utilization of different polyadenylation sequences in
the 3’ noncoding sequence. This may also account for the
observed difference in the sizes of the mouse Zhx1 tran-
scripts, compared to the human forms (23).

Transcription factors often have zinc fingers or ho-
meodomains, and some have both of these features. For
example, Isl-1 has two zinc fingers and a homeodo-
main (26) and a-fetoprotein enhancer-binding protein,
ATBF1, has seventeen zinc fingers and four homeodo-
mains (27). Although homeodomain-containing pro-
teins are known to bind to AT-rich DNA sequences, we
have no evidence that ZHX1 recognizes AT-rich se-
quences, or even that it binds to DNA. We have shown
that ZHX1 specifically interacts with NF-YA, a subunit
of the DNA binding protein NF-Y. This protein - pro-
tein interaction does not involve the zinc finger regions
of ZHX1, since these domains are not present in the
protein (from the #111 clone) used in the original yeast
two hybrid isolation system. ZHX1 may therefore not
be a DNA binding protein, especially if it acts as a
transcription co-regulator with NF-Y.
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NF-Y plays a role in sterol-dependent regulation of
the farnesyl diphosphate synthase and 3-hydroxy-3-
methylglutaryl-coenzyme A synthase genes (28), in cell
cycle-dependent transcription of the human cdc25C
gene (29) and in basal and hormone-regulated expres-
sion of the hexokinase Il gene (9). NF-Y and Spl-
binding sites may be functionally synergistic in the
fatty acid synthase and cdc25C genes (30). In this
regard, it is of interest to note that Sp1 and NF-YA also
form protein - protein complexes (30). NF-Y, Spl and
ZHX1 are all ubiquitously expressed, so could be in-
volved in the formation of a highly organized nucleo-
protein complexes that participate in the regulation of
many genes.
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