GENOMICS 42, 268-277 (1997)
ARTICLE No. GE974705

Identification of Two Novel Isoforms of the ZNF162 Gene:
A Growing Family of Signal Transduction and
Activator of RNA Proteins
Corrado Caslini, Orietta Spinelli, Giovanni Cazzaniga, Josée Golay, Luca De Gioia,

Alessandro Pedretti, Ferruccio Breviario, Ricardo Amaru, Tiziano Barbui,
Andrea Biondi, Martino Introna, and Alessandro Rambaldi'

Divisione di Ematologia, Ospedali Riuniti di Bergamo, 24128 Bergamo; Clinica Pediatrica Universita di Milano,
Ospedale San Gerardo Monza, Dipartimento di Chimica Inorgdnica e Metallorganica Analitica Universita di
Milano and Istituto di Ricerche Farmacologiche “M.Negri,”” Milan, Italy

Received October 16, 1996; accepted March 4, 1997

By differential screening of a cDNA library obtained
from a GM-CSF-dependent human myeloid leukemia
cell line (GF-D8), we identified two novel isoforms of
the recently described ZNF162 gene, which is appar-
ently linked to multiple endocrine neoplasia type 1.
The shorter of these new isoforms, called B3, presents
an open reading frame (ORF) of 1718 bp coding for 571
amino acids. Its nucleotide sequence is homologous to
the cDNA coding for the ABCDF isoform of ZNF162,
except for a 4-nucleotide insertion that results in a
frame shift of the ORF starting from nucleotide 1725 of
the ZNF162 sequence. As a consequence, the predicted
translation product of B3 contains the consensus se-
quence of the A motif (G-X-X-X-X-G-K-S) of the “ATP/
GTP binding site,” which is characteristic of several
protein families including protein kinases. Moreover,
B3 shows the use of a different stop codon and con-
tains a different tyrosine-rich COOH terminus. The
longer isoform, called B4, differs from the ABCDEF
isoform of ZNF162 by the insertion, at position 2137,
of 383 nucleotides leading to a different, proline-rich
COOH terminus. The complex transcription pattern
of the ZNF162 gene is characterized by four tran-
scripts, of approximately 3.9, 3.7, 3.2, and 2.9 kb, in
GF-D8 cells. The 3.7- and 2.9-kb transcripts are ex-
pressed in resting GF-D8 cells. Upon stimulation with
GM-CSF the expression of these mRNAs is up-regu-
lated in parallel with the induction of two additional
transcripts of 3.9 and 3.2 kb. The same pattern of ex-
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pression has also been observed in freshly isolated
myeloid leukemia cells and normal CD34"' stem cells.
In light of these data, and since GM-CSF is known to
stimulate signal transduction pathways, it becomes
relevant that all the different isoforms of ZNF162 con-
tain the KH module, which is a sequence motif present
in proteins playing a major role in regulating cellular
RNA metabolism. A search for functional domains
demonstrates that ZNF162 belongs to a new and grow-
ing family of genes dubbed STAR (signal transduction
and activator of RNA) proteins that are thought to
play a downstream role in cell signaling and also in
RNA binding. The mammalian members include
Samé68, which is a target of Src, Fyn, and Grb2, and
the newly cloned mouse quaking proteins (qkI) neces-
sary in early embryogenesis and myelination. More-
over, since ZNF162 is highly conserved from yeast to
humans, it implies that this new pathway has a sig-
nificant function. © 1997 Academic Press

INTRODUCTION

Development, maintenance, and function of hemato-
poietic progenitor cells are under the control of a wide
spectrum of cytokines (Ogawa, 1993). The interaction
of these growth factors with their receptors triggers
specific events such as gene transcription and protein
expression leading to proliferation and differentiation
of bone marrow stem cells as well as activation of ma-
ture effector cells circulating in the peripheral blood.
Interleukin-3 (IL-3) and granulocyte—macrophage col-
ony-stimulating factor (GM-CSF) are known to exert a
series of overlapping effects on hematopoietic progeni-
tor cells (Metcalf, 1989). In recent years signal trans-
duction pathways that involve activation of Janus tyro-
sine kinases (JAK) and signal transducer and activator
of transcription (STAT) proteins have been linked to a
number of receptor systems including those hemato-
poietins that lack intrinsic tyrosine kinase activity but
activate cytoplasmic tyrosine kinases (Ihle et al., 1994).

268

0888-7543/97 $25.00
Copyright © 1997 by Academic Press
All rights of reproduction in anv form reserved.



NEW ISOFORMS OF THE ZNF162 GENE

JAK kinases, upon cytokine receptor activation, phos-
phorylate STAT proteins, which translocate to the nu-
cleus where they activate target genes by binding to
specific regulatory sequences. Myeloid leukemic cell
lines established from patients with acute myeloid leu-
kemia have been largely used as models to identify
and clone genes controlling myeloid differentiation and
proliferation (Oval and Taetle, 1990). We established
anew growth factor-dependent acute myeloid leukemia
cell line named GF-D8 (Rambaldi et al., 1993), whose
long-term survival and proliferation in vitro are strictly
dependent upon the presence of GM-CSF or IL-3. Many
other cytokines including G-CSF, IL-6, and FIlt ligand
are unable to support the proliferation of GF-D8, mak-
ing this experimental model attractive to search for
GM-CSF-regulated genes. A number of growth factor-
induced genes were identified by differential hybridiza-
tion of cDNA libraries using probes obtained from acti-
vated compared with quiescent cells (Moscinski and
Prystowsky, 1990). Although this method is limited in
its sensitivity and detects only those transcripts that
are expressed in relatively high abundance, it allowed
the identification, in cultured vascular endothelial
cells, of a novel IL-18-inducible pentraxin-related gene
called PTX-3 (Breviario et al., 1992). Thus we use this
strategy to characterize new genes whose transcription
could be induced or regulated by GM-CSF.

MATERIALS AND METHODS

Cells. The establishment and characterization of the human
acute myeloid leukemia cell line GF-D8 has been reported previously
(Rambaldi et al., 1993). The cells are routinely grown in RPMI 1640
(GIBCO, Grand Island, NY) supplemented with 10% fetal calf serum
(Hyclone; Sterile System, Inc, Logan, UT) and 50 ng/ml human re-
combinant GM-CSF (Genzyme, Boston, MA; sp act 5 X 107 prolifera-
tion units/mg of protein).

Upon informed consent, human hematopoietic stem cells (CD34*
cells) were obtained from the peripheral blood of normal donors
treated with G-CSF to mobilize progenitor cells for allogeneic trans-
plantation (Rambaldi et al, 1996). A highly purified fraction of
CD34" cells (>95% pure) was obtained by positive selection using
CD34 magnetic microbeads, XS+ column, and a SuperMACS separa-
tor (Miltenyi Biotec, Germany), which allows collection of up to 1 x
10? positive cells.

Acute myeloid leukemic cells were obtained from bone marrow
aspirates from patients at diagnosis. The leukemic blast population
was purified by Ficoll gradient sedimentation and was more than
90% pure as assessed by conventional morphology and flow cytome-
tric analysis using a FACScan apparatus (Becton—Dickinson, Moun-
tain View, CA) and stem cell- and myeloid-specific monoclonal anti-
bodies (HPCA-2, anti-CD34; Leu M7, anti-CD13; and Leu M9, anti-
CD33) (Becton-Dickinson).

¢DNA libraries and differential screening. Total RNA was ex-
tracted and purified by guanidinium isothiocyanate and cesium chlo-
ride gradient as previously described (Rambaldi et al., 1987) from
GF-D8 cells cultured for 2 h in the presence or absence of both GM-
CSF (50 ng/ml) and cycloheximide (10 ug/ml). Poly(A)* RNA was
further purified by affinity chromatography on oligo(dT)-cellulose. A
¢DNA library was constructed in the Lambda ZAPII vector (Stra-
tagene, La Jolla, CA) as described (Breviario et al., 1992; Sambrook
et al., 1989). The library was plated at approximately 1 plaque/cm?*
and transferred onto nitrocellulose membranes (Schleicher &
Schuell, Dassel, Germany) in duplicates by standard procedures
(Breviario et al., 1992). The cDNA probes from resting and GM-CSF-
activated GF-D8 cells were obtained as described (Breviario et al.,

269

1992; Berger and Kimmel, 1987), and the membranes were hybrid-
ized at 42°C for 48 h in 0.2 M Tris—HCI, pH 7.6, 50% deionized
formamide, 5% SSC, 1X Denhardt’s solution, 10% dextran sulfate,
0.1% SDS, 100 ug/ml denatured salmon sperm DNA, and 1x 107
cpm/100 cm® cDNA probe. Membranes were washed at 50—60°C in
0.2x SSC, 0.1% SDS. Plaques showing a stronger hybridization sig-
nal with the cDNA probes obtained from GM-CSF-stimulated rela-
tive to untreated GF-D8 were picked. These were rescreened three
times differentially to obtain single clones. Phage inserts were res-
cued in the Bluescript vector and sequenced with the dideoxynucleo-
tide chain termination method (Tabor and Richarson, 1987).

Two additional human ¢cDNA libraries, generated from PHA-stim-
ulated peripheral blood lymphocytes and from the KG1 myeloid leu-
kemia cell line (Clontech Laboratories, Palo Alto, CA), were screened.

Northern blot analysis. Northern blot analysis was performed
using either total cellular RNA or poly(A)* selected mRNA. RNA
samples were electrophoresed through a 1% agarose gel with 7%
formaldehyde and blotted onto GeneScreen Plus membranes (New
England Nuclear, Boston, MA). To control equal RNA loading, filters
were hybridized with the cDNA coding for the human glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (Tso et al., 1985). Probes
were labeled to a specific activity of 10° cpm/mg by using hexanucleo-
tide primers and [**P]JdCTP (Feinberg and Volgestein, 1983) and
hybridization was performed as described previously (Rambaldi et
al., 1987).

RT-PCR. RT-PCR reactions were performed using cDNAs syn-
thesized with 1 ug of total denaturated RNA (from GM-CSF-acti-
vated GF-D8 cells) in a 20-ul reaction mixture containing 100 uM
dNTPs, 1x First-strand buffer, 1 ul Superscript RT RNase H™ virus
reverse transcriptase (Gibco BRL, Gent, Belgium), 20 U RNase inhib-
itor, and random hexamers, using a commercial kit (Perkin—Elmer
Cetus). All PCR experiments were performed using an automated
heat block (PCR System 9600; Perkin—Elmer Cetus).

c¢DNA clones containing the whole coding sequences of the new
ZNF162 isoforms were obtained in vitro by Expand High Fidelity
PCR System (Boehringer, Mannheim). The PCR was performed by
adding 5 ul of the ¢cDNA product to a PCR mixture containing 1.5
mM MgCl,, 1x Expand HF buffer, 400 uM dNTPs, 2.6 U of a mixture
of Tag and Pwo DNA polymerases, 300 nM 3’ amplimer common to
all ZNF162 isoforms (nucleotides 2501-2520, according to Toda et
al., 1994), and 300 nM 5’ amplimer corresponding to the 5’ untrans-
lated sequence of ZNF162 (nucleotides 328 to 347, Toda et al., 1994).
After an initial denaturation at 95°C for 1 min, 12 cycles of amplifica-
tion were performed, each consisting of a denaturation step at 95°C
for 30 s, an annealing step at 56°C for 30 s, and an extension at 72°C
for 3 min; and 16 cycles each consisting of a denaturation step at
95°C for 30 s, an annealing step at 56°C for 30 s, and an extension
at 72°C for 3 min + 20 s/cycle. A final extension at 72°C for 10 min
(1 cycle) and cooling at 4°C was done at the end. The amplified DNAs
were directly subcloned from the PCR into a pMOS plasmid (Amer-
sham, Buckinghamshire, UK),

A specific region of the B74b4 ¢DNA was subcloned by RT-PCR
using as 5’ primer the oligonucleotide CTCCCATGGACCCTTCTA
and as 3' primer the oligonucleotide TCCCAAGCGAATCCTCAG
(both derived from the B74b4 sequence). Five microliters of the cDNA
product were added to a PCR mixture containing 1.5 mM MgCl,, 1x
PCR buffer (Perkin—Elmer Cetus), 200 uM dNTPs, and 2.5 U of Taq
DNA polymerase. After an initial denaturation at 95°C for 1 min, 35
cycles of amplification reactions were performed, each consisting of
a denaturation step at 95°C for 30 s, an annealing step at 54°C for
30 s, and an extension at 72°C for 30 s. The 5’ portion of ZNF162
was similarly cloned by PCR using as 5’ primer an oligonucleotide
from position 45 to 66 and as 3’ primer an oligonucleotide from
position 1024 to 1046 (both derived from the published sequences of
ZNF162) (Toda et al., 1994) (using the same amplification protocol
described above).

In vitro transcription and translation. The cDNA clones B30S
(subcloned into the pBluescript IT SK'*~ vector downstream of the
T3 promoter) and B40S (cloned into the pMOS vector), containing
the complete open reading frame (ORF) of the two new isoforms
of the ZNF162 gene, were used for the in vitro transcription and
translation assay. One microgram of each recombinant plasmid was
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used in a rabbit reticulocyte lysate assay with a commercially avail-
able kit (Promega) in the presence of **S-labeled methionine. The
final products were run in a standard 8.5% SDS—polyacrylamide gel,
fixed in 40% methanol-10% acetic acid, dried, and autoradio-
graphed.

Computer methods. All sequences were obtained from the
Swissprot WWW and GenBank servers. Multiple sequence align-
ment was performed using the software package Camelon (Oxford
Molecular, Ltd., Oxford, UK) and ClustalW 1.6. The mutation data
matrix (Dayhoff et al., 1979) was used as similarity matrix. Similar
results were obtained with other matrices (data not shown). All se-
quences were scanned against the Prosite database (Bairoch, 1991)
to look for sites and patterns.

RESULTS

Identification and Characterization of Two New
Isoforms of the ZNF162 Gene

A cDNA library was constructed from poly(A)”
mRNA purified from the GF-D8 cell line stimulated
with GM-CSF for 2 h in the presence of cycloheximide.
More than 5000 recombinant clones were screened for
GM-CSF-inducible genes by differential hybridization
using the probe from GM-CSF-stimulated cells and
from untreated cells. After the first screening, 76 clones
were identified for their stronger signal but only 20
were found positive after the third differential screen-
ing. All these clones were partially (approximately 200-
bp) sequenced at the 3’ and 5’ ends. Sequences from
17 of 20 clones were found identical to already known
genes including the eosinophil basic major protein (3
clones) and c-myc (2 clones) as expected from the acti-
vation of the cell cycle progression induced by GM-CSF.
Partial nucleotide sequences from 3 of these clones
(B74c1, B74b4, and B74b3) revealed a partial identity
with the ZNF162 nuclear protein (originally mentioned
as ZFM1) recently described by Toda and co-workers
(1994). Although the ZNF162 sequence showed a high
degree of identity with the sequence of our c¢cDNA
clones, we noticed some important differences. As
shown in Fig. 1A, the B74b3 ¢cDNA clone differs only
in a 4-nucleotide insertion at nucleotide 1724 of the
ABCDF isoform of ZNF162 (Toda et al., 1994), resulting
in a frame shift of the ORF. Clone B74b4 contains the
insertion of 383 additional nucleotides at position 2137
of the nucleotide sequence coding for the ABCDEF iso-
form of ZNF162 (Toda et al., 1994). Again, this inser-
tion determines a different sequence of the putative
protein product toward the COOH terminus. The same
differences in the nucleotide sequences were found in
several similar clones isolated from two other ¢cDNA
libraries generated from mitogen-stimulated T lympho-
cytes (schematically indicated in Fig. 1A as T7, T9,
T1, and T4) and the KG1 myeloid leukemia cell line
(schematically indicated in Fig. 1A as KG4 and KG10).

To clone the cDNAs containing the whole coding se-
quences of these two new isoforms of ZNF162, we per-
formed a series of RT-PCR amplification experiments
with the use of RNA from GM-CSF-activated GF-D8
cells, a 3' primer common to all isoforms, and a 5’
primer corresponding to the 5’ untranslated sequence
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of ZNF162 (see Fig. 1A for position of primers). Using
this approach, we amplified two cDNA clones: B40S,
a 2576-bp-long sequence with an ORF of 1917 bp coding
for 639 aa, and B3OS, a 1943-bp-long sequence that
presents an ORF of 1713 bp coding for 571 aa. As ob-
served in B74b3, the nucleotide sequence of B3OS con-
firms the presence of the 4 additional nucleotides
(GTAA) at position 1724 of the ZNF162 ABCDF se-
quence. On the other hand, the complete sequence of
B40S confirmed the absence of the 4 nucleotides pres-
ent in B30S, while showing the presence of the inser-
tion of 383 nucleotides already found in several cDNA
clones. The additional 383-nucleotide sequence is
shown in Fig. 1B. The B3OS and B40S ¢cDNAs were
therefore considered representative of two new iso-
forms of the ZNF162 gene. They will be hereafter re-
ferred to as B3 and B4, respectively.

To verify that the cDNA clones B3OS and B4OS cod-
ing for two new isoforms of ZNF162 could effectively
initiate protein synthesis, experiments of in vitro tran-
scription and translation were performed using the re-
ticulocyte lysate assay. B3OS and B40S, upon subclon-
ing, were indeed able to generate two protein products
of 62 and 68 kDa, respectively, in total agreement with
the molecular weight predicted by their ORF (data not
shown).

Expression of ZNF162 Is Regulated by GM-CSF

ZNF'162 was originally cloned from human brain and
fetal liver (Toda et al., 1994). To confirm its expression
in myeloid cells and its inducibility by GM-CSF, we
used the B74c1 ¢cDNA clone (919 bp long, corresponding
to the 3’ end of ZNF162) as a probe on Northern blots
of total cell RNA as well as on poly(A)* RNA isolated
from resting and GM-CSF-activated GF-D8 cells. Fig-
ure 2A shows low but appreciable levels of ZNF162
mRNAs in resting GF-D8 cells; on the contrary, after
stimulation for 2 h with GM-CSF in the presence of
cycloheximide, a significant induction of mRNA tran-
scription can be detected, suggesting that ZNF162 may
represent an early response gene to GM-CSF. When
poly(A)* RNA was used, it became more evident that
the pattern of transcription is highly complex (Fig. 2B).
Under basal conditions, two broad bands with an ap-
parent molecular weight of 2.9 and 3.7 kb are evident,
whereas upon treatment with GM-CSF the intensity
of these two bands is consistently increased and accom-
panied by the appearance of two new bands of 3.2 and
3.9 kb. Moreover, by RT-PCR, we were able to generate
a cDNA probe specific for the 383-nucleotide sequence
exclusively present in the B4 isoform (Fig. 1A) and
identified as B4xOS. When used as a probe in Northern
blot experiments, this B4-specific sequence hybridized
only to the high-molecular-weight transcripts (3.9 and
3.7 kb), indicating that this portion of the nucleotide
sequence of ZNF162 is retained only in the longer iso-
forms of this gene (Fig. 2C). Very similar data were
obtained when GF-D8 cells were exposed to IL-3, which
is another growth factor for this cell line (Rambaldi et
al., 1993 and data not shown).
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FIG. 1. (A) A schematic diagram of the ZNF162 isoforms (ABCDEF, ABCDF, B3, and B4) with the overlapping ¢cDNA clones that were
obtained by the screening of three different cDNA libraries (plain lines). Clones B74c1, B74b4, and B74b3 were obtained from the stimulated
GF-D8 library; clones T1, T4, T7, and T9 were obtained from a stimulated T cell library; and clones KG4 and KG10 were obtained from a
KG1 cell library. Clones obtained by RT-PCR are shown as dashed lines (with arrows at both ends indicating the position of primers). The
positions of the ATG and TAA codons are indicated. The black box indicates the E portion of ZNF162 (Toda et al., 1994). (B) The sequence

of the additional 383 nucleotides of the B4 isoform (in capital letters),

(the gray box in A).

To study whether ZNF162 expression was restricted
to the GF-D8 cell line or, rather, was detectable also
in other hematopoietic cells, we isolated highly purified
populations of human CD34" stem cells (Fig. 3A). As
shown in Fig. 3B, ZNF162 expression was already evi-
dent in resting cells and augmented by 6-h exposure
to GM-CSF.

Finally, ZNF162 gene expression is detectable in the
majority of freshly isolated human myeloid leukemic
samples (Fig. 3C and data not shown). Such levels of

inserted at position 2137 within the E portion of the ABCDEF isoform

expression may reflect in vivo cytokine stimulation, as
suggested by the decline of the message when the leu-
kemic cells from one patient were maintained for 6 h
in the absence of GM-CSF (Fig. 3C).

ZNF'162 Belongs to the Signal Transduction and
Activator of RNA (STAR) Protein Family

As can be seen from the alignment in Fig. 4, the B3
and B4 cDNAs code for two novel isoforms of the
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ZNF162 gene, of 571 and 639 aa, respectively. In partic-
ular, the four isoforms analyzed [ABCDEF and ABCDF
previously reported (Toda et al., 1994), as well as B3
and B4] encode for the same protein up to position 475
(with the numbers referring to the alignment positions
as shown in Fig. 4). Three amino acids (E at position
291, R at position 372, and R at position 401) are pres-
ent in B3 and B4 sequences, substituting for G, A, and
W residues, respectively, in the ABCDEF and ABCDF
isoforms (Toda et al., 1994). The B3 sequence diverges
from the others starting at position 476. Interestingly,
the PROSITE screening revealed the presence of an “A
type” ATP/GTP-binding site motif overlapping the site
of divergence from residue 471 to residue 478 (GPP-
PMGKS). Also noteworthy, the GTAA additional nucle-
otides were previously considered the first 4 nucleo-
tides of the intron lying between exons 10 and 11 (Toda
et al., 1994). Furthermore, the new carboxy terminus
of B3 appears to be relatively rich in tyrosine residues
(8/164). B4 diverges from ABCDF at position 557 and
from ABCDEF at position 616. As previously described
(Toda et al., 1994), the common C-terminal region of
these isoforms (aa position 444 to 616) is rich in proline
residues. Interestingly, the B4-specific C-terminal se-
quence starting at position 616 adds a further proline-
rich region (23/53).

Using the Blast server at EMBL we noticed that very
recently two new sequences, which may represent the
mouse and the Saccharomyces cerevisiae ZNF162 or-
thologous genes, had been identified. They are indi-
cated as CW17R Mouse (Accession No. 1083269) and
CW17R SacCer (Accession No. 1256857), respectively,
in Fig. 4. The alignment also shows that the cloned
mouse gene corresponds to the ABCDF isoform.

Furthermore, we noticed a significant alignment be-
tween ZNF162 protein and several other gene products

A B C

&
w
w
: 3
O =
o 10}
= 5

wio GM-CSF
+GM-CSF

1 2
39 1 o 39
3.7 — — 137
-y BT
ais Tgacion
29— -29

FIG. 2. Expression of the ZNF162 gene in GF-D8 cells. Northern
blot analysis of total cellular RNA (A) and poly(A)* RNA (B) from
resting (w/o GM-CSF) and GM-CSF-stimulated (+GM-CSF) GF-D8
cells, probed with the B74c1 ¢cDNA clone. In C, total RNA from GF-
D8 cells was sequentially hybridized on the same filter with the
B74c¢1 ¢cDNA clone (lane 1) and, upon removal of this probe by high
stringency washing, with a B4-specific sequence (clone B4xOS,
shown in Fig. 1). The latter hybridizes only to the high-molecular-
weight transcripts (3.9 and 3.7 kb) (lane 2). Bottom panels in A and
B show by hybridization with GAPDH ¢cDNA that equal amounts of
RNA were loaded.
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FIG. 3. Expression of ZNF162 gene in hematopoietic cells. (A)
The FACS analysis of the highly purified population of immunomag-
netically sorted CD34" cells. Cells were simultaneously stained with
two irrelevant fluorescein (FITC)- and phycoerythrin (PE)-conju-
gated monoclonal antibodies (left) as well as with FITC-conjugated
HPCA-2 monoclonal antibody (anti-CD34) and PE-conjugated anti-
HLA-DR monoclonal antibody (right). The typical double-positive
staining of human stem cells is shown. (B) The ZNF162 expression
in exponentially growing GF-D8 cells with GM-CSF and in highly
purified CD34" cells under resting conditions and after 6 h of expo-
sure to GM-CSF. (C) The ZNF162 expression in freshly isolated hu-
man myeloid leukemia cells (FAB M1) either untreated or cultured
for 6 h in the absence or presence of GM-CSF. The equal RNA load-
ing, checked by GAPDH hybridization, is shown below.

containing a KH domain. This domain was originally
identified in the human heterogeneous nuclear ribo-
nucleoprotein K protein (Swanson et al., 1988; Matunis
et al., 1992; Siomi et al., 1993) and has now been dem-
onstrated to be able to bind single-stranded RNA (Si-
omi et al., 1994). The KH domain extends from position
1 to position 100 in the alignment shown in Fig. 5,
according to the exact definition of the boundaries of
the KH domain recently obtained with the three-di-
mensional solution structure (Musco et al., 1996).
Although a very large group of proteins that bind
nonspecifically to ssRNA show the KH domain (Musco
et al., 1996), a subgroup containing the ZNF162 protein
has been identified for structural reasons and shown
to include the ZNF162 gene, the Grp33 from Artemia
salina (brine shrimp) (Cruz-Alvarez and Pellicer, 1987)
(Accession No. P13230), the human Samé68 (previously
and erroneously identified as p62) (Wong et al., 1992;
Lock et al., 1996) (Accession No. 420044), the quaking
gene (gkI) from mouse (Ebersole et al., 1996) (Accession
No. 1181698), the Gld-1 Cele from Caenorhabditis eleg-
ans (Jones and Schedl, 1995) (Accession No. 841255),
and the YKCA Cele gene also from C. elegans (Acces-
sion No. P42083). We now update this growing family,
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showing the alignment also with CW17R from mouse
(Accession No. 1083269) and CW17R SacCer from S.
cerevisiae (Accession No. 1256857), the mouse or-
thologue of Sam 68 (Accession No. 602251), and yet
another C. elegans gene, F54D1.1 Cele (Wilson et al.,
1994) (Accession No. 1438701). Interestingly, the align-
ment extends beyond the 3’ boundary of the KH do-
main and confirms what had been hypothesized as the
presence of another region of homology called the
QUAZ2 domain (Ebersole et al., 1996). QUA2 was shown
common to the gkl, the human Sam68, and the Gld-1
genes (Ebersole et al., 1996). We now show that the
QUA2 domain is contiguous to the KH domain and
significantly conserved in all the tested genes, as indi-
cated in Fig. 5.

In the same report a significant alignment was
shown in the region immediately upstream of the KH
domain and called QUA1, between the quaking, the
Grp33, the Sam 68, and the Gld-1 genes (Ebersole et
al., 1996). We indeed also noticed a good alignment
between gkl and ZNF162, but when all the members
of the family are considered together they align only
very weakly and with the introduction of large gaps
(data not shown).

DISCUSSION

By differential screening of a cDNA library obtained
from GM-CSF-stimulated human myeloid leukemia
cells, we cloned two novel isoforms of the ZNF162 nu-
clear protein (Toda et al., 1994). The ZNF162 gene
shows interesting structural properties, including a nu-
clear transport domain, a metal-binding motif, and glu-
tamine- and proline-rich regions. ZNF162 maps to
chromosome 11q13, where genetic linkage studies and
analyses of loss of heterozygosity in multiple endocrine
neoplasia type 1 (MEN1)-associated tumors have local-
ized the candidate genes for MEN1 (Pang and Thakker,
1994; Lagercrantz et al., 1995). The four different
ZNF'162 isoforms are almost identical for the first 447
aa residues, diverging thereafter at their C-terminal
ends. While the main common structural feature de-
scribed so far for all the alternative COOH tails is their
high proline content (Williamson, 1994), it has to be
noted that the B3 isoform, because of four additional
nucleotides, contains an ATP/GTP-binding site and is
also rich in tyrosine residues. Furthermore, PROSITE
analysis has shown an abundant presence in all iso-
forms of potential phosphorylation sites (data not
shown).

As expected from the cloning strategy, exposure to
GM-CSF is indeed able to up-regulate the expression
of ZNF162 not only in the GF-D8 cell line, but also in
human CD34" stem cells and freshly isolated myeloid
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leukemias. More in particular, we noticed the presence
of four different transcripts even though we cannot yet
determine their relative contribution to the four differ-
ent isoforms so far characterized. Nonetheless, the B4-
specific probe we generated by RT-PCR hybridized only
to the two longer transcripts. We could not discriminate
among the different transcripts with either RNase pro-
tection or RT-PCR techniques, possibly due to marginal
differences in nucleotide sequences as outlined in Fig.
1 (data not shown).

The ABCDEF and ABCDF isoforms of ZNF162 were
isolated from cDNA libraries prepared from human
brain and fetal liver (Toda et al., 1994). In agreement
with these data we also observed expression of ZNF162
in nonhematopoietic tissues, such as endothelial cells
and placental preparations (data not shown). While
this article was in preparation, a report by Arning et
al. (1996) was published, suggesting that ZNF162 gene
is indeed widely expressed in other tissues of mouse
and human. On the other hand, in human hematopoi-
etic cells, we have been able to isolate only the B3 and
B4 isoforms. It is therefore tempting to speculate that
ZNF162 might be differentially expressed in different
tissues. Interestingly, a ZNF162-related sequence has
been recently cloned as a gene activated during p53-
induced apoptosis in mouse M1 myeloid leukemia cells
(Amson et al., 1996).

The EMBL database was searched for sequences fea-
turing some degree of similarity to B3 and B4 using
the World Wide Web Blast server. Interestingly, a com-
parison of the sequence of the ZNF162 product with
known proteins showed significant structural homolo-
gies with nine other genes, including the CW17R from
mouse and S. cerevisiae, which may represent the or-
thologous genes; the quaking gene from mouse; the
Sam68 from mouse and human; the Grp33 from A. sa-
lina; and three genes from C. elegans, including the
Gld-1, the YKCA-Cele, and the F54D1.1.

The homology is due mainly to the presence in all
these genes of one KH domain, recently crystallized
(Musco et al., 1996) and shown able to bind single-
stranded RNA (Siomi et al., 1994; Arning et al., 1996).
Proteins sharing a KH domain may act as docking pro-
teins for molecules involved in signal transduction and
gene expression (Van Seuningen et al., 1995). Interest-
ingly, while a very large number of genes contain single
or multiple KH motives, the ZNF162 family is clearly
separated from the others for a structural reason, i.e.,
the presence of a conserved loop (from position 48 to
position 68 in the alignment shown in Fig. 5) in be-
tween two 3 strands (Musco et al., 1996). Furthermore
we noticed, confirming and extending similar observa-
tions, that all such genes present another domain of

FIG. 5. Multiple sequence alignments of KH and QUA2 domains from 10 different members of the STAR family. Asterisks indicate

identity.

FIG. 6. Schematic representation of the different ZNF162 isoforms. The KH and QUA2 domains are indicated in green and blue,
respectively. The alternative COOH termini with proline- and tyrosine-rich regions are indicated with different colors. The complete
sequences of B3 and B4 isoforms have been submitted to the EMBL Database under Accession Nos. 1.49345 and L49380, respectively.
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homology immediately adjacent to the 3’ end of the KH
domain and called QUA2 (Ebersole et al., 1996), which
may take up an « helical conformation (data not
shown).

Intriguingly, for three genes of the family genetic
lesions have been described; the ZNF162 may be a
likely candidate for the genetic lesion responsible for
the MEN1 syndrome; the Gld-1 is subject to three dif-
ferent mutations that can give two different pheno-
types, one is a loss of function and involves the RNA-
binding ability of the KH domain, the other two, more
interestingly, give a change in phenotype (MOG for
masculinization of germline) (Jones and Schedel, 1995)
and are in the loop region, which is conserved and pres-
ent only in this group of genes. Therefore it has been
hypothesized that functions other than the RNA bind-
ing may be associated with the loop sequence. Finally,
the recently cloned gkI gene is responsible for the quak-
ing mutation in mouse. The gkI gene is expressed in
the earliest cells of the embryonic nervous system and
in the myelinating tracts of the neonatal brain and can
suffer for truncations or ENU-induced point mutations
in a region immediately upstream of the KH domain
(Ebersole et al., 1996).

The presence of the Sam68 gene, which has been
demonstrated to be a target of Src, Fyn, and Grb2 phos-
phorylation (Fumagalli ez al., 1994), and the clear iden-
tification of a subclass of KH genes led to the proposal
to identify such genes as STAR, indicating the associa-
tion of QUA and KH domains as a marker for this
family (Fig. 6). We now further substantiate this pro-
posal by the demonstration that ZNF162 is a GM-CSF-
inducible gene and with the alignment of 10 different
genes that clearly indicate the contemporary presence
of KH and QUA2 domains in all members. This new
group of STAR proteins has been proposed as a general
cellular pathway analogous to the signal transduction
and activation of transcription pathway JAK-STAT
(Ebersole et al., 1996).

As reported for the gkl gene, the B3 sequence pres-
ents several tyrosine residues at the COOH terminus
that might be suitable substrates for phosphorylation
induced by tyrosine kinases, which are typically phos-
phorylated when cells are exposed to appropriate sig-
nals, like GM-CSF in the case of hematopoietic progeni-
tor cells (Kanakura et al., 1990; Quelle et al., 1994;
Matsuguchi et al., 1994; Mui et al., 1995; Brizzi et al.,
1996). Although we can for the moment only speculate
on the role of ZNF'162 phosphorylation in the absence of
direct experimental data, it is of interest that ZNF162
belongs to this emerging family of potential signal
transduction molecules.
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