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The identification and study of genes expressed in hematopoie-
tic stem/progenitor cells should further our understanding of
hematopoiesis. Transcription factors in particular are likely to
play important roles in maintaining the set of genes that define
the stem/progenitor cell. We report here the identification of a
putative KRAB-zinc finger gene (SZF1) from a cDNA library
prepared from human bone marrow CD34

 

1

 

 cells. Character-
ization of SZF1 implicates its role in hematopoiesis. The pre-
dicted protein contains a highly conserved KRAB domain at
the NH

 

2

 

 terminus and four zinc fingers of the C

 

2

 

H

 

2

 

 type at the
COOH terminus. Two alternatively spliced products of SZF1
were isolated, which predict proteins of 421 (SZF1-1) and 361
(SZF1-2) amino acids, differing from each other only at the
carboxy terminus. The two transcripts of SZF1 have different
expression patterns. SZF1-2 is ubiquitously expressed, as indi-
cated by Northern blot, RNase protection, and reverse tran-
scriptase polymerase chain reaction. SZF1-1 expression, in
contrast, was detected only in CD34

 

1

 

 cells. We recently iso-
lated the promoter region for the stem/progenitor cell ex-
pressed FLT3/FLK-2/STK-1 gene and used this region to gen-
erate a reporter construct to test the effect of SZF1 expression.
Cotransfection of the reporter construct with SZF1 constructs
showed that SZF1-2 repressed transcription three- to fourfold,
whereas SZF1-1 showed a lower level of repression. The ex-
pression pattern of SZF1 transcripts and the transcriptional
repression of a CD34

 

1

 

-specific promoter demonstrate a possi-
ble role for SZF1 in hematopoietic stem/progenitor cell dif-
ferentiation. © 1999 International Society for Experimental
Hematology. Published by Elsevier Science Inc.
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Introduction

 

Transcription factors bind to sets of genes and stimulate or
repress the transcription of these genes, thus mediating cell
fate decisions and regulating differentiation. Hematopoietic
development involves many transcription factors and the
phenotypes of the differentiated lineages reflect the sets of
genes activated or repressed by these factors [1,2]. The pro-
cesses of self-renewal and multilineage differentiation of
hematopoietic stem cells occur continuously during the life-
time of the organism and can be regulated in response to
need. By generating knockout mice, a number of transcrip-
tion factors have been implicated in hematopoietic stem/
progenitor cell development. For example, homozygous
disruption of either AML1, c-myb, or scl/tal1 results in de-
fects in fetal hematopoiesis in mice that die during early
embryonic development [3–6]. These genes appear to be es-
sential for the development of multiple hematopoietic lin-
eages. Transcription factors that appear to be lineage spe-
cific have also been identified. These genes include E2A
and Pax-5, which are required for B-cell development [7–
9], C/EBP

 

a

 

, which affects granulocytes [10], PU.1, which
affects myeloid and lymphoid development [11], and NF-
E2, which is essential for the development of megakaryo-
cytes [12].

Several zinc finger genes are among the transcription
factors that play important roles in hematopoiesis. Among
them, the GATA2 and GATA3 genes appear to be involved
in the early development of multiple lineages [13,14].
GATA2- and GATA3-deficient embryos die in early devel-
opment as a result of impaired fetal liver hematopoiesis.
Homologous knockout of another zinc finger gene, Ikaros,
blocked lymphoid development [15]. Disruption of GATA1
in mice led to lineage-selective deficits in erythropoiesis
[16]. Egr1, a myeloid differentiation primary response gene,
has been shown to be essential for differentiation of he-
matopoietic cells along the macrophage lineage [17]. MZF1
inhibits myeloid differentiation, possibly by negative regu-
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lation of hematopoietic genes such as CD34 and c-myb
[18,19].

Hematopoiesis is a complex process in which the critical
stage- and lineage-specific regulators establish lineage com-
mitment through their combined action. A new transcription
factor expressed in hematopoietic stem/progenitor cells is of
interest, as it may control the transcription of one or more
genes involved in the processes of self-renewal or differen-
tiation of these cells. We report here the identification of
SZF1 (stem cell zinc finger protein 1) from a cDNA library
prepared from CD34

 

1

 

 human bone marrow cells. SZF1
codes for a protein containing C

 

2

 

H

 

2

 

-type zinc fingers and a
KRAB domain. Two alternatively spliced transcripts were
isolated. SZF1-2 was expressed in most cell types and tis-
sues, whereas SZF1-1 appears limited to expression in CD34

 

1

 

cells. SZF1-2 represses the FLT3/FLK-2/STK-1 promoter
three- to four-fold, whereas SZF1-1 shows a minimal level
of repression.

 

Materials and methods

 

cDNA library screening and DNA sequencing

 

Several hundred clones from a CD34

 

1

 

 cDNA library [20] were
randomly sequenced and searched against available databases. One
of the unique fragments obtained contained zinc fingers of the
C

 

2

 

H

 

2

 

 type. This 1.2-kb fragment was used to screen cDNA librar-
ies from K562 cells (Clontech, Palo Alto, CA), human lung (Clon-
tech), and CD34

 

1

 

 cells. At least 10

 

6

 

 recombinants from each li-
brary were screened by standard procedures [20,21]. Positive clones
were subcloned into pBluescript II KS

 

-

 

 (Stratagene, La Jolla, CA)
and sequenced using the Sequenase Version 2.0 DNA sequencing
Kit (USB, Cleveland, OH).

 

Sequence analysis

 

Computer searches of available databases were performed using
the BLAST program [22]. Protein alignments were generated with
the Genetics Computer Group Pileup program (Genetics Computer
Group, Madison, WI).

 

Northern analysis

 

Northern hybridization was performed according to standard pro-
tocols [20,21]. In brief, 5 

 

m

 

g of each polyA

 

1

 

 RNA sample was in-
cubated with 50% formamide, 6.5% formaldehyde, and 1

 

3

 

 MOPS
(pH 7.0) at 55

 

8

 

C for 15 minutes. The samples were electrophoresed
in 1.2% agarose/formaldehyde gels and transferred to nylon mem-
brane (Hybond, Amersham, UK) by the capillary method [23].
Blots containing RNA samples from cell lines as well as multitis-
sue Northern blots obtained commercially (Clontech) were hybrid-
ized for 2 hours in 50% formamide, 5

 

3

 

 SSPE, 10

 

3

 

 Denhardt’s, 2%
SDS, and 100 

 

m

 

g/mL denatured salmon sperm DNA (Clontech)
with randomly primed 

 

32

 

P-dCTP–labeled probe and exposed to
film after washing. The blots were then stripped and rehybridized
with other probes [24].

 

RNAse protection assays

 

The RNAse protection assay was performed using the MAXIscript
T3 in vitro transcription kit (Ambion, Austin, TX) [20]. The anti-
sense RNA probe of SZF1 (bp1256-1421) was synthesized by run-

off transcription using bacteriophage T3 RNA polymerase on a
pBluescript II KS

 

2

 

 plasmid containing a fragment of SZF1 linear-
ized at the SacI site. It results in a probe of 230 bases containing
165 bases of SZF1 that would be protected by hybridization with
SZF1 message. Total RNA 5 

 

m

 

g from each sample was hybridized
with the 

 

32

 

P-UTP–labeled antisense RNA probe and then treated
with RNAse A and T1. A 

 

b

 

-actin probe was included in the hy-
bridization reactions as an internal control for RNA loading. Pro-
tected fragments were resolved on 8M urea, 6% acrylamide gel,
and exposed to film (Kodak X-OMAT).

 

Reverse transcriptase polymerase chain reaction

 

One microgram of mRNA from each sample was reverse tran-
scribed with Moloney murine leukemia virus reverse transcriptase
(M-MLV-RT) (Gibco/BRL, Gaithersburg, MD) using random hex-
amers or oligo(dT)

 

15

 

 (Boehringer Mannheim, Indianapolis, IN) as
primers. Polymerase chain reaction (PCR) was performed with cy-
cles of 95

 

8

 

C for 1 minute, 45

 

8

 

C for 1 minute, and 72

 

8

 

C for 2 min-
utes, repeated for 35 cycles. Primer pairs used for PCR were as fol-
lows: 1) 5

 

9

 

-CGGGATCCTAATACGACTCACTATAGGGAGA-
CCACCATG-ATTGATTTTCAAATG-3

 

9

 

; 2) 5

 

9

 

-GGAATTCCT-
CAAGG-CTCAGTC-3

 

9

 

; 3) 5

 

9

 

-AAGAGACTGAGCCTTGAG-3

 

9

 

;
4) 5

 

9

 

-ATTTCCTGCATGGAAACC-3

 

9

 

; 5) 5

 

9

 

-GGGGAGGCAA-
CAGAATAT-3

 

9

 

; 6) 5

 

9

 

-ATAAGGTTTCTCCCCGGA-3

 

9

 

; 7) 5

 

9

 

-
GAGGCTTTCGTGAAAAGT-3

 

9

 

; and 8) 5

 

9

 

-CAGGAGAGTGT-
CATGGAA-3

 

9

 

.

 

Fluorescence in situ hybridization

 

Three independent P1 plasmids (1629, 1630 and 1631) with ap-
proximately 85-kb SZF1 genomic fragments were obtained from a
human genomic DNA P1 library (DMPC-HFF1; Genome Systems,
St. Louis, MO) by PCR screening using SZF1 oligonucleotides (5

 

9

 

primer CTGTGTTCTTCCATTAGC; 3

 

9

 

 primer GGCCTTAGC-
CATTTGTCT). P1 plasmids 1629, 1630, and 1631 containing the
entire SZF1 gene were nick-translated with biotin-14 dATP (BRL,
Gaithersburg, MD). Slides with chromosome spreads were made
from normal male lymphocytes cultured with BrdU [25]. Fluores-
cence in situ hybridization (FISH) was performed as described
with modifications [26]. Twenty micoliters of hybridization mix
(2

 

3

 

 SSCP, 60% formamide, 10% dextran sulfate, 4 ng/

 

m

 

L biotiny-
lated probe that had been coprecipitated with Cot-1 DNA [BRL]
and herring sperm DNA) was denatured at 70

 

8

 

C for 5 minutes, pre-
annealed at 37

 

8

 

C for 60 minutes, placed on slides, and hybridized
at 37

 

8

 

C overnight. Slides were washed in 70% formamide/2

 

3

 

 SSC
at 43

 

8

 

C for 20 minutes, and two changes of 2

 

3

 

 SSC at 37

 

8

 

C for 5
minutes each. Biotinylated probe was detected with an in situ hy-
bridization kit (Oncor Inc., Gaithersburg, MD). In situ hybridiza-
tion also was performed using metaphases that had been Giemsa
banded and photographed prior to hybridization.

 

Cell culture, isolation, and RNA extraction

 

Most of the cell lines were grown in RPMI 1640 (Gibco RBL) with
10% HI-FCS (Hyclonr, Logan, UT), and Molm1 cells were main-
tained in RPMI 1640 medium with 20% HI-FCS. The normal lung
epithelial primary cell line (HBE) came from a normal lung tissue
sample and was cultured in keratinocyte growth medium with bo-
vine pituitary extract (BPE) at 30 ng/mL (Clonetics, Walkersville,
MD). CD34

 

1

 

 and CD34

 

2

 

 cells were isolated from normal bone
marrow cells by immunomagnetic separation [20,27]. To induce
differentiation, ML-1 cells and HL60 cells were incubated with
TPA (12-0-tetradecancylphorbol-13-acetate) at a concentration of
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33 nM for 24 hours [28–30]. Total RNA was isolated from cell
lines and the primary tumor samples by the guanidium thiocyanate
method [31] and polyadenylated RNA was prepared using a
mRNA isolation kit (Becton Dickinson Labware, Bedford, MA).

 

Plasmids and transfection

 

To create the pSTK-140 reporter, a PCR fragment that encom-
passed the sequence from the translation start codon (

 

1

 

61 bp) to
140-bp upstream of the transcription start site was cloned into the
polylinker site of the promoterless pxp2 vector. It contains a Kozak
sequence along with the luciferase coding cDNA downstream of
the polylinker site. pNeoSZF1-1 and pNeoSZF1-2 were constructed
by cloning the entire coding sequences of SZF1-1 and SZF1-2 into
PCI-neo (Promega, Madison, WI). All of the constructs were con-
firmed by sequencing. Molm1 (a megakaryocytic cell line) and Laz
221 (a pro-B cell line) cells were transiently transfected by electropo-
ration. For each transfection, 10 million cells for Molm1 or 20 mil-
lion cells for Laz 221 were cotransfected by 20 

 

m

 

g of luciferase re-
porter plasmid and 20 

 

m

 

g of each SZF1 expression construct,
empty vector 

 

or

 

 dH

 

2

 

O control. Two micrograms of an internal con-
trol plasmid (pEQ176-

 

b

 

-galactosidase driven by the cytomegalovi-
rus [CMV] promoter) also was included in each transfection to
normalize luciferase activity for differences in electroporation effi-
ciency. Luciferase activity for each transfection is expressed as
percentage relative to the dH

 

2

 

O control. For optimal transfection
efficiency, 960 

 

m

 

FD and 290 V were used for Molm1 cells and 360
V for Laz 221 cells. Following electroporation, cells were incu-
bated at 37

 

8

 

C for 8 hours in a 5% CO

 

2

 

 incubator before harvest.
Cells were washed and the luciferase assay was performed as de-
scribed [32] and 

 

b

 

-galactosidase assay as per the manufacturer
(Galacto-light

 

TM

 

, Bedford, MA). All transfections were performed
in duplicate and repeated for a total of three separate experiments.
The results for each set of transfection conditions were averaged
and the error bars show the standard deviation. The krab domain
(pdKRAB) and zinc finger domain (pdZINC) deletions were gen-
erated by PCR using the SZF1-2 cDNA.

 

In vitro transcription and translation and immunopreci

 

In vitro transcription and translation were performed according to
the manufacturer’s instructions (TNT T7/T3 coupled Reticulocyte Ly-
sate System; Promega). [

 

35

 

S]methionine-labeled SZF1-1 and SZF1-2
proteins were produced from constructs that were generated by clon-
ing the entire coding sequences of SZF1-1 and SZF1-2 into PCI-neo
(Promega). Transcripts were generated with T7 RNA polymerase.
In vitro transcripts from pNeoSZF1-1 and pNeoSZF1-2 were added
to the reticulocyte lysate translation mixture containing 60 

 

m

 

Ci of
[

 

35

 

S]methionine and incubated for 1 hour at 30

 

8

 

C. The lysates were
diluted into phosphate-buffered saline with 1% NP-40. Proteins
were immunoprecipitated 1 hour under these conditions with either
the preimmune sera (10 

 

m

 

L), polyclonal antisera (10 

 

m

 

L) that was
raised against a synthesized peptide (RQKAVTAEKSSDKRQ) lo-
cated upstream of the zinc fingers (shown in Fig. 1 in italics), or
the same antisera (10 

 

m

 

L) preincubated with the peptide (25 mg)
used to generate it. The polyclonal antisera was prepared by HRP
(Denver, PA) from a New Zealand white female rabbit with three
boosts of the KLH-conjugated peptide. Antigen-antibody complexes
were isolated on protein A-sepharose beads (Sigma, St. Louis, MO),
and the pellets were washed five times with phosphate-buffered sa-
line containing 0.5% Tween-20. The [

 

35

 

S]methionine-labeled sam-
ples were analyzed by SDS-PAGE and autoradiography.

 

Results

 

Cloning of SZF1

 

The initial isolation of SZF1 was made through the random
sequencing of a portion of several hundred clones from a
cDNA library prepared from human bone marrow CD34

 

1

 

cells. One of the fragments was unique but showed homol-
ogy to the Kruppel family of zinc finger proteins. We there-
fore sequenced the entire 1200-bp fragment. Then, cDNA
libraries from CD34

 

1

 

 cells, as well as libraries made from
K562 cells and human lung (which in preliminary experi-
ments showed expression of the transcript), were screened
with the 1.2-kb fragment. Overlapping cDNA fragments
that hybridized to the probe gave rise to two alternatively
spliced cDNA products. Most regions were isolated several
times in more than one cDNA library. The complete SZF1
nucleotide and predicted amino acid sequences are shown in
Figure 1.

 

Sequence analysis of SZF1

 

Two predicted protein products of 421 and 361 amino acids
are predicted from the open reading frame (ORF) of the two
transcripts, termed SZF1-1 and SZF1-2. The size of the pro-
teins is based on the usage of the 5

 

9

 

-proximal ATG codon,
which follows the consensus Kozak site (underlined in Fig.
1) downstream of an in-frame stop codon. To test the pre-
diction that this ATG is the most frequently used start site
for translation initiation (at least in rabbit reticulocyte ly-
sate), the in vitro transcription and translation assay was
performed with full-length SZF1-1 and SZF1-2 constructs.
As shown in Figure 2, left panel, the longest and most in-
tense bands correspond to 48 kDa for SZF1-1 and 41 kDa
for SZF1-2. This corresponds to the molecular weight pre-
dicted by the full-length ORF of each transcript if the pre-
dicted initiating methionine is used. The smaller bands seen
in both lanes could represent degradation products or initia-
tion at internal methionines. To confirm that the full-length
products represent translation from the predicted ORF, im-
munoprecipitation (IP) was performed with polyclonal anti-
sera generated to a peptide (shown in italics in Fig. 1) that is
shared by the predicted ORF of both SZF1-1 and SZF1-2.
As seen in Figure 2, right panel, the antisera recognizes the
full-length translated products of both the SZF1-1 and
SZF1-2 transcripts and detected a doublet in SZF1-2 that
could result from use of both the 5

 

9

 

 proximal ATG and the
ATG located five amino acids downstream (Fig. 1).

Both transcripts share the same amino-terminal sequence
upstream of the zinc fingers and through the first three zinc
fingers, but diverge after amino acid 349 toward the end of
the fourth zinc finger. In a region close to the amino ter-
minal end, a Kruppel-associated box (KRAB) domain is
present with highly conserved A (amino acids 31-73) and B
(amino acids 74-93) elements. This domain was initially
noted in zinc finger genes from 

 

Xenopus

 

 [33]. The KRAB
domain has been suggested to form an 

 

a

 

-helix and may be
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C. Liu et al./Experimental Hematology 27 (1999) 313–325

 

317

 

involved in protein–protein interactions [34,35]. Toward the
carboxy end, four predicted zinc fingers of the C

 

2

 

H

 

2

 

 type
are present in SZF1-2, followed by 10 amino acids before
the stop codon. In SZF1-1, the fourth zinc finger is incom-
plete, with the final histidine replaced by a glutamine resi-
due. The lack of a second histidine in the final zinc finger
has been observed in other zinc finger proteins [36]. An ad-
ditional 74 amino acids follow the zinc fingers at the car-
boxy terminus of SZF1-1.

Several regions of the deduced proteins suggest that they
may be substrates for phosphorylation. There are three po-
tential casein kinase II phosphorylation sites upstream of
the zinc fingers. In addition, there are several regions in and
near the zinc fingers of both SZF1-1 and SZF1-2 that match
the consensus motif for cyclic AMP (cAMP)-dependent
protein kinase and protein kinase C phosphorylation sites
[37,38].

Some features suggest that both the mRNA and protein
products of SZF1 may have short half-lives. Two AUUUA
sequences appear beginning at nucleotides 1641 and 1725
in the 3

 

9

 

 untranslated region of SZF1-2. Those sequences
confer mRNA instability and lead to a short half-life in
other messages that express this feature [39]. There is a
PEST consensus site present in both predicted proteins at

amino acids 94-108 and at amino acids 329-342 in SZF1-2.
PEST sequences, rich in proline, acidic, serine, and threo-
nine residues, are often present in proteins with short half-
lives and may signal for their rapid degradation by the pro-
teolytic machinery of the cell [40].

The cDNA sequences of SZF1-1 and SZF1-2 were used
to search the available nucleotide databases to determine the
most highly related genes. The result showed that ZNF133,
Kid1, and ZNF85 were the most highly related genes with
homologies of 65%, 55%, and 45% at the nucleotide level,
respectively. ZNF133 [41], Kid1 [42], and ZNF85 (D.A.
Poncelet, personal communication) are all zinc finger pro-
teins that have been suggested to play roles in transcrip-
tional repression. The region of SZF1 that encompasses the
KRAB and zinc finger domains has the highest degree of
homology to these transcription factors (Fig. 3). The iden-
tity of the KRAB domain of SZF1 with that of ZNF133 is
68% for KRAB-A and 22% for KRAB-B; with Kid1 it is
74% for KRAB-A and 12% for KRAB-B; and with ZNF85
it is 70% for KRAB-A and 26% for KRAB-B (Fig. 3A).
The zinc finger sequence of SZF1 also shows a high degree
of homology to these transcription factors, with an identity
of about 50% (Fig. 3B). A much lower degree of homology
was found in the remainder of the SZF1 coding sequence.

Figure 1. Nucleotide and predicted amino acid sequence of SZF1 cDNAs. The nucleotide and predicted amino acid sequence of SZF1-1 and SZF1-2 are
shown with numbered nucleotides and amino acids listed to the left of each product. RNA splicing sites as determined by sequence comparison of cDNAs
with genomic DNA are shown (ˆ) in the SZF1-1 sequence at nucleotides 123, 435, 469, 578, 594, and 1422. The splicing site at 1422 is absent in SZF1-2; thus
the sequence between nucleotides 1422 and 2706, which is present in SZF1-2, is spliced out of SZF1-1. The deduced amino acid sequence starts from the con-
served Kozak translation start site (underlined). Zinc fingers are underlined from the initial conserved cysteine to the final conserved histidine beginning at
amino acid 247. KRAB-A and -B domains are indicated above each domain. Phosphorylation consensus sites for potential casein kinase II (ck2) and protein
kinase C (pkc), and for PEST sequences are labeled above each element. Two instability motifs (ATTTA) in the 39 untranslated region of SZF1-2 are under-
lined. The peptide sequence used to generate polyclonal serum is shown in italics.
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Tissue and cell line expression of SZF1

 

To examine the expression of SZF1 in normal human tis-
sues, hybridization of SZF1 probes with multitissue North-
ern blots was performed. Both 3

 

9

 

 and 5

 

9

 

 probes were gener-
ated, which omit the zinc finger region to decrease the
possibility of cross hybridization with other zinc finger-con-
taining genes. Both probes would hybridize with both
SZF1-1 and SZF1-2 transcripts. An example of hybridiza-

tion with the 3

 

9

 

 probe is shown in Figure 4. A 4.2-kb band
was seen in most human tissues, including heart, brain, pla-
centa, lung, liver, kidney, pancreas, spleen, thymus, pros-
tate, testis, ovary, small intestine, colon, and blood. The
lane containing liver RNA showed a 2-kb band instead.
Some samples also showed a larger transcript of approxi-
mately 6 kb. The 5

 

9 probe also hybridized to the 4.2-kb
band in all these tissues and showed a faint band of 1.1 kb
(data not shown).

Figure 2. Labelling and immunoprecipitation of in vitro transcribed and
translated (TNT) SZF1 proteins. (Left) 35S-methionine was used to label
the proteins generated from TNT of full-length SZF1-1 and SZF1-2 con-
structs. These products, together with the products of a TNT reaction in
which no template was added (dH20), were resolved on a 10% SDS-poly-
acrylamide gel, which was then exposed to film. Molecular weight markers
are shown to the left. (Right) The TNT products of SZF1-1 and SZF1-2
were immunoprecipitated (IP) with a polyclonal antisera generated to a
peptide present in the predicted open reading frame of both transcripts. IP
reactions also were conducted after preincubation of the antisera with 25
mg of the peptide to demonstrate specificity of the antiserum (1 peptide
lanes). The IP products were then processed as above.

Figure 3. KRAB and zinc finger homologies. Alignment of the KRAB domains (A) and zinc finger domains (B) of SZF1 with the transcriptional repressors
ZNF133, Kid1, and ZNF85. Protein alignments were generated with the GCG Pileup program. The consensus sequence is noted only if three of the four pro-
teins have the identical amino acid at this position. (1) indicates the amino acids in this position are conservative substitutions.

Figure 4. SZF1 expression in normal human tissue. Northern blots con-
taining 2 mg of polyA1 RNA from multiple normal human tissues were
hybridized with a SZF1 39 probe that contained the 39 region (nucleotide
1414-2389) of SZF1-1 downstream of the zinc fingers (top). The blots were
then stripped and reprobed with b actin (bottom). The source of RNA is
noted above each lane. Molecular weight size markers are noted to the left.
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To determine if SZF1 was expressed in hematopoietic
cells, Northern blotting was performed with samples from a
number of hematopoietic cell lines. A discrete 4.2-kb band
was seen from several samples, including the RL, HEL, and
K562 cell lines (data not shown). The more sensitive RNAse
protection assay was used to further screen for expression
(Fig. 5A). Although the level of expression varies, protected
species are seen from every hematopoietic cell line tested,
including Jurkat, K422, Raji, Molt-16, RL, HEL, RPMI-8402,
K562, ML-1, KG1a, Molt-3, and REH. These represent my-
eloid, lymphoid, and erythroid lineages. A faint band was seen
for the bone marrow sample in a longer exposure. The appear-
ance of the doublet probably results from variable digestion
of the ends of the protected RNA and varies from experi-
ment to experiment (e.g., see Fig. 8). As is evident, the probe
is not protected from digestion by no RNA or 20 mg of tRNA.
We also isolated RNA from bone marrow mononuclear cells,
and CD34-depleted (CD342) and CD34-enriched (CD341)
cells and used this RNA for the RNAse protection assay to
assess expression in these fractions. Figure 5B shows that
the gene is expressed in all three of these bone marrow frac-
tions and appears highest in the CD341 fraction.

The Northern blotting and RNAse protection experiments
conducted do not distinguish between the two SZF1 tran-
scripts. We therefore used reverse transcriptase PCR (RT-
PCR) to test for the presence of the two SZF1 transcripts in
the polyA1 RNA from hematopoietic cell lines, lung cancer
cell lines, fetal lung tissue, and a normal lung epithelial cell pri-
mary culture. The primers used in the assay cross the SZF1-2

exon that is spliced out of the SZF1-1 transcript and there-
fore generate a 133-bp RT-PCR fragment from the SZF1-1
transcript and a 1.4-kb fragment from the SZF1-2 transcript
(Fig. 6C, primer pair 7-8). Figure 6A shows that RNA from
unfractionated bone marrow gives rise to both of the bands,
representing SZF1-1 and SZF1-2 transcripts (the SZF1-2 band
is fainter and probably results from the decreased efficiency
of PCR amplification because of the relative sizes of the
products). Fractionation of the bone marrow into the stem
and progenitor enriched CD341 fraction (97.5% CD341)
with subsequent PCR using the same primers results in only
the band representing the SZF1-1 transcript. Southern blot-
ting of RT-PCR amplified products did show a faint band
for the SZF1-2 transcript in CD341 cells. In contrast, the
RNA isolated from CD342 cells (,0.01% CD341) gives rise
to only the larger product, representing SZF1-2. None of the
mRNA samples tested from hematopoietic cell lines or other
tissues gave rise to the 133-bp product expected from SZF1-1.
Instead, most of the mRNA preparations showed the 1.4-kb
product expected from the SZF1-2 transcript. Controls in
which reverse transcriptase was not added to the RT reac-
tions (“2” lanes) confirmed that the signal was not ampli-
fied from contaminating DNA. Southern analysis confirms
that the 133-bp and 1.4-kb RT-PCR fragments hybridize to
specific internal oligonucleotides and the hybridization of the
1.4-kb fragment to its internal oligonucleotide was also de-
tected in the RT- PCR products from the CD341 fraction
(data not shown). Thus, the bands seen in the Northern blots
in Fig. 4 likely represent transcripts of SZF1-2.

Figure 5. RNAse protection analysis of the expression of SZF1 in hematopoietic cell lines and bone marrow fractions. (A) Total RNA 5 mg from each sample
was hybridized with a 32P-UTP–labeled 230-base antisense RNA probe that contains 165 bp of SZF1 (bases 1256-1421) attached to 65 bp of vector sequence.
A b-actin probe was included in the hybridization reactions as an internal control for RNA loading. After hybridization, the samples were treated with RNAse
A and T1 followed by electrophoresis on a 6% polyacrylamide gel and autoradiography. The SZF1 and b-actin probes are shown on the left. The source of the
RNA added is noted above each lane: BM 5 total bone marrow cells; Jurkat, Molt-3, Molt-16, RPMI-8402 5 T-lineage acute lymphocytic leukemia; K422,
RL, REH 5 B-lineage acute lymphocytic leukemia; Raji 5 Burkitt’s lymphoma; HEL 5 erythroleukemia; K562 5 chronic myelogenous leukemia; ML-1,
KG1a 5 acute myelocytic leukemia. The protected SZF1 and actin fragments are indicated to the right. (B) Approximately 5 mg of total RNA from bone mar-
row mononuclear cells (BM), and bone marrow cells depleted for CD34 (CD342) or enriched for CD34 (CD341) were treated as described in (A).
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To determine if complete transcripts coding for SZF1
were present in normal human bone marrow CD341 cells,
several pairs of primers spanning different regions of the
transcript were used for RT-PCR (Fig. 6B). All of the frag-
ments amplified by the primer pairs upstream of the alterna-
tive splice site are present in both the CD341 and CD342

fractions. Confirming the earlier result, the 133-bp SZF1-1
fragment appears only in normal human marrow CD341

cells and not in CD342 cells after amplification with primer
pair 7-8. Controls in which reverse transcriptase was left out
of the reaction demonstrated that the signals were not from
contaminating DNA (data not shown).

Transcriptional repression of
SZF1 on the FLT3/FLK-2/STK-1 promoter
The restricted expression of SZF1-1 in CD341 cells and the
ubiquitous expression of SZF1-2 might reflect a role for
these transcripts in the regulation of the other genes in-

volved in hematopoiesis. One of these genes could be
FLT3/FLK-2/STK-1, which encodes a transmembrane ty-
rosine kinase receptor that is primarily expressed in human
CD341 stem/progenitor cells [20,43–45]. Its ligand (FL) has
been shown to stimulate the proliferation of one of the most
primitive hematopoietic fractions (CD341/CD382 cells) and
to synergize with other factors to expand both bone marrow
and umbilical cord blood cells [46–50]. We have recently
finished a preliminary characterization of the FLT3/FLK-2/
STK-1 promoter and found that the first 140 bp upstream
from the transcription start site constitutes the minimal re-
gion necessary for promoter activity (Liu et al, submitted).
We were interested in investigating the possible involvment
of both SZF1 products in the regulation of the FLT3/FLK-2/
STK-1 promoter. We performed transient transfection as-
says with a reporter construct in two FLT3/FLK-2/STK-1
positive cell lines, Molm1, a megakaryocytic cell line, and
Laz 221, a pro-B cell line. The reporter construct (shown at

Figure 6. RT-PCR analysis of SZF1 expression in bone marrow, CD341 and CD342 cells, and other tissues. (A) CD341 and CD342 cells were purified from
human bone marrow mononuclear cells by immunomagnetic separation, and RNA was isolated by the guanidum thiocyanate method. One microgram of each
mRNA sample was reverse transcribed using random hexamer priming. The RT-PCR reactions with the primer pair 7-8 (133-bp product for SZF1-1 or 1417-
bp product for SZF1-2) were resolved in a 1% agarose gel, stained with ethidium bromide and photographed. (1) 5 RT1 reaction; (2) 5 RT2 reaction;
BM 5 human bone marrow mononuclear cells; HFL 5 normal human fetal lung; HBE 5 primary human lung epithelial cell culture; HEL 5 hematopoietic
cell line; H209, H249 5 SCLC cell lines; H727, H157 5 HSCLC cell lines; 965950 5 primary small cell lung cancer tissues. (B) RT-PCR fragments gener-
ated by primer pairs 1-2 (210 bp), 3-4 (324 bp), 5-6 (392 bp), and 7-8 were resolved in a 2% agarose gel. The source of each mRNA and the primer pairs used
are shown above each lane. DNA size markers are shown on the left. (C) Map indicating location of the KRAB and zinc finger domains and the primer pairs
used for RT-PCR on SZF1-1 and SZF1-2 cDNAs.
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the bottom of Fig. 7), in which the luciferase cDNA is under
the control of the 140-bp STK1 promoter fragment, was co-
transfected with each of the SZF1 constructs (shown to the
left in Fig. 7). The percentage of the luciferase activity rela-
tive to the dH2O control for each construct is shown in Fig.
7. In both cell lines, overexpression of SZF1-2 resulted in a
strong repression of the STK1 promoter (three- to fourfold),
whereas SZF1-1 resulted in only weak repression (less than
twofold). Cotransfection of constructs truncating either the
KRAB or zinc finger domains greatly restored promoter activ-
ity, suggesting that both domains are required for repression.

Several of the hematopoietic-derived cell lines express-
ing SZF1 differentiate in response to various agents. We de-
cided to measure SZF1 expression as a function of differen-
tiation induced in HL60 and ML-1 cell lines by TPA. RNA,
isolated from control cells and cells exposed to TPA for 24
hours, was used in an RNAse protection assay with actin as
an internal control to allow for normalization (Fig. 8).
Quantitation by phosphorimager scanning of the gel showed
that SZF1 expression was decreased by 70% by 24 hours of
induction of the HL60 cells. In ML-1 cells, expression of
SZF1 was decreased by 84% of control levels by 24 hours
of differentiation. Thus, SZF1 expression is greatly re-
pressed upon differentiation, at least in these two cell lines.

Genomic organization of SZF1
Three overlapping P1 clones that each contain approxi-
mately 85-kb genomic DNA fragments were obtained by
PCR screening of a P1 library. Subclones were generated

from the P1 plasmids to facilitate sequencing and mapping.
RNA splicing sites as determined by sequence comparison
of cDNAs with genomic DNA revealed that the SZF1-1 and
SZF1-2 cDNAs share the first five splice sites at nucleotides
123, 435, 469, 578, and 594 (as shown by s in Fig. 1). How-
ever, SZF1-1 results from an internal splicing event within
exon 6 at nucleotide 1422. Thus, the sequence between nu-
cleotides 1422 and 2706, which is present in SZF1-2, is
spliced out of SZF1-1 (Fig. 9). This alternative splicing re-
sults in a different carboxy terminus for the two translated
protein products. All of the other exons are present in both
cDNAs. Sequencing of the corresponding genomic DNA
subclones confirmed the 59 upstream and 39 stop codons,
which are present in the cDNAs. Southern blot analysis of
DNA isolated from human cells demonstrated that SZF1 is
a single copy gene (data not shown).

Chromosomal localization of SZF1
FISH was performed to determine the chromosomal local-
ization of SZF1. P1 plasmids with inserts that encompass
the entire coding sequence of SZF1 ORFs were used as the
probe. An example of the FISH results is shown in Figs.
10A—B. Clear paired signals were observed only on chro-
mosome 3. Analysis of 34 metaphase cells showed 23 cells
(67%) had at least one pair of signals. There were 41 of 44
signals located on chromosome 3, as indicated by G-band-
ing [25], with all of these signals on band p21. In addition, 9
of 10 signals analyzed from the pre–G-banded metaphases
had the same 3p21 localization. The ideogram representing

Figure 7. Functional charaterization of SZF1 proteins. Twenty micrograms of each SZF1 construct (as indicated schematically on the left) or dH2O together
with 20 mg pSTK-140 reporter (shown at the bottom) and 2 mg pEQ176-b-galactosidase plasmid were transfected into 10 million Molm1 or 20 million Laz
221 cells by electroporation. Following electroporation, cells were incubated at 378C for 8 hours in a 5% CO2 incubator before harvest. Cells were washed and
extracts were then used for the luiferase and b-galactosidase assays. All transfections were done in duplicate for each experiment, and at least three indepen-
dent experiments were performed. The activity of b-galactosidase was used to normalize the luciferase values for differences in transfection efficiency. The
luciferase activities for each reporter construct in Molm1 cells (dark bar) and Laz 221 cells (open bar) are expressed as percentage relative to the dH2O con-
trol. The length of the error bars show the standard deviation.
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the results of chromosomes with paired signals is shown in
Fig. 10C. The results indicate that SZF1 maps to human chro-
mosome 3p21, a region that has been implicated in a num-
ber of tumors [51–56] and in hematologic malignancies in-
cluding MDS, AML, CML, and hairy cell leukemias [57–61].

Discussion
In this study, we cloned a novel zinc finger gene from
cDNA library prepared from CD341 human bone marrow
cells. SZF1 contains the zinc finger motif of the C2H2 type,

which is the most commonly used motif for DNA binding
by transcription factors [62,63]. There are many cases in he-
matopoietic development where zinc finger genes play an
important role (e.g., Ikaros, GATA gene family, Egr1). The
KRAB domains present in SZF1, and found in approxi-
mately one-third of zinc finger proteins of the C2H2 type,
have been proposed to form helical structures that are in-
volved in protein–protein interactions [34,35]. Several lines
of evidence suggest that KRAB domains play roles in tran-
scriptional repression. KRAB domains from several differ-
ent proteins serve as strong transcriptional repressors when
fused to the GAL4 DNA binding domain [64–67]. The re-
pression function of KRAB domains may be mediated through
the interaction with other factors [68,69]. The KRAB do-
main in SZF1 displays a high degree of homology with a
number of transcriptional repression factors: ZNF133, Kid1,
and ZNF85 [41,42] (DA Poncelet, personal communica-
tion). Consensus sites in SZF1 for casein kinase II, protein
kinase C, and cAMP-dependent protein kinase phosphoryla-
tion suggest that phosphorylation may play a role in its
function. Regulation by phosphorylation has been demon-
strated in a number of other zinc finger genes [70–72]. It ap-
pears that the expression of both SZF1 products are under
tight control. Both contain PEST sequences likely to result
in a short half-life for the proteins, and SZF1-2 contains
AUUUA sequences at its 39 end, which are likely to result
in a short half-life for this transcript.

The two alternatively spliced transcripts of SZF1 are ex-
pressed differently. SZF1-2 is expressed in almost all tis-
sues and cell types, although at widely varying levels. Of
the many tissues and cell lines examined, the SZF1-1 tran-
script appears to be restricted to CD341 hematopoietic
stem/progenitor cells. This is supported by our isolation of
cDNA clones for SZF1-1 only from the CD341 cell cDNA
library. SZF1-1 expression was not detected by RT-PCR
from a number of hematopoietic cell lines representing a va-

Figure 8. SZF-1 expression with differentiation. HL60 cells and ML-1
cells were treated with TPA for 24 hours. Five micrograms of total RNA
isolated from control cells or cells exposed to TPA was added to the
RNAse protection assay with the same 32P-UTP–labeled 230-base anti-
sense RNA probe used in Figure 5. The source of each RNA sample is
noted above each lane. The SZF1 and b-actin protected bands are indicated
to the left.

Figure 9. Genomic organization of SZF1 cDNAs and predicted motif structures. The SZF1-1 cDNA (open boxes) and SZF1-2 cDNA (hatched boxes) as well
as the boundary of introns and exons are schematically presented in (B), with the approximate location of EcoRI sites (R) indicated. cDNA motifs and
sequences that encode predicted zinc fingers, KRAB-A, and KRAB-B domains and the PEST sequences are indicated in (A) for SZF1-1 and in (C) for SZF1-2.
The lines indicate the splicing events that occur from SZF1 to result in the observed cDNAs.
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riety of cell types. For this reason, the bands seen on North-
ern blotting represent SZF1-2 transcripts. There are several
differences in the predicted protein products coded by the
two transcripts. SZF1-1 is missing the final histidine residue
of its fourth zinc finger and has a different 73 amino acid
carboxy terminus, as compared to SZF1-2. These changes
could alter the DNA-binding specificity or protein–protein
interactions. The unique and dominant expression of SZF1-1
in CD341 cells suggests a potential role in the transcrip-
tional control of genes expressed in CD341 cells. SZF1-1 is
less effective in the repression of the FLT3/FLK-2/STK-1
promoter compared with that of SZF1-2. It appears SZF1-2
is expressed only at low levels in CD341 cells. One inter-
pretation is that SZF1-1 loses much of the repressional ac-
tivity by the alternative splicing that occurs. This mechanism
might be present in CD341 cells to protect the expression of
FLT3/FLK-2/STK-1 or perhaps other genes important for

the preservation of this cell population. Alternatively, SZF1-1
might be repressing the expression of genes involved in
lineage commitment or differentiation. Perhaps this is why
SZF1-1 is not expressed past the level of CD34 expression
in bone marrow cells. There is precedence for differential
expression of different spliced zinc finger proteins in he-
matopoietic cells. MZF-1 and 2 are splice products of the
same gene and have different expression patterns [73,74]. In
addition, overall expression of the SZF1 gene seems to de-
crease with commitment of CD341 cells (Fig. 5B) and with
forced differentiation of the HL60 and ML-1 cell lines (Fig.
6). The decreased expression of SZF1 with forced differen-
tiation implicates a lack of role for SZF1-2 once the cells
are terminally committed, at least for these two leukemic-
derived cell lines. Determination of the cognate binding sites
of SZF1 and analysis of SZF1 domain function in hemato-
poietic cells will help to elucidate its function.

Figure 10. Chromosomal localization of SZF1 by FISH. (A) P1 plasmids encompassing the SZF1 gene were nick-translated with biotin-14 dATP and hybrid-
ized to metaphase chromosome spreads from normal lymphocytes cultured with BrdU. The specific paired FISH signals of the SZF1 gene are shown with an
arrow on chromosome 3 (DAPI stained). (B) Metaphases were G-banded and photographed prior to FISH. The arrow indicates band 3p21, corresponding to
the FISH signals seen in (A). (C) The chromosome ideogram of paired signals from FISH. Each dot represents a paired signal seen on metaphase chromo-
somes.
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