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Gfi-1 is a cellular proto-oncogene that was identified as a target of provirus integration in T-cell lymphoma
lines selected for interleukin-2 (IL-2) independence in culture and in primary retrovirus-induced lymphomas.
Gfi-1 encodes a zinc finger protein that functions as a transcriptional repressor. Here we show that Gfi-1B, a
Gfi-1 related gene expressed in bone marrow and spleen, also encodes a transcriptional repressor. IL-6-induced
G1 arrest and differentiation of the myelomonocytic cell line M1 were linked to the downregulation of Gfi-1B
and the parallel induction of the cyclin-dependent kinase inhibitor p21WAF1. Experiments addressing the
potential mechanism of the apparent coordinate regulation of these genes revealed that Gfi-1B represses
p21WAF1 directly by binding to a high-affinity site at 21518 to 21530 in the p21WAF1 promoter. Forced
expression of Gfi-1B, but not of Gfi-1B deletion mutants lacking the repressor domain, blocked the IL-6-
mediated induction of p21WAF1 and inhibited G1 arrest and differentiation. We conclude that Gfi-1B is a direct
repressor of the p21WAF1 promoter, the first such repressor identified to date, and that sustained expression
of Gfi-1B blocks IL-6-induced G1 arrest and differentiation of M1 cells perhaps because it prevents p21WAF1

induction by IL-6.

Hematopoiesis is a process that takes place in the bone
marrow throughout the life of an individual. During this pro-
cess a small number of hematopoietic stem cells respond to
microenvironmental cues to either divide and self-renew or
differentiate into hematopoietic progenitors committed to spe-
cic hematopoietic lineages. The committed hematopoietic pro-
genitors, in turn, also undergo self-renewal or terminal differ-
entiation. The maintenance of the hematopoietic stem cells
and their selection, commitment, and maturation along differ-
ent hematopoietic lineages depend on cell-to-cell and cell-to-
stroma interactions, secreted cytokines, and intracellular sig-
naling molecules (45, 46). The molecular mechanisms involved
in regulating hematopoietic cell commitment and differentia-
tion can be addressed in differentiating hematopoietic tissues
in intact animals (64) and in cell lines that can be induced to
differentiate (35, 38). With both systems, a number of mole-
cules, including growth factors, receptors, and transcription
factors, have been identified and shown to contribute to he-
matopoiesis in a hierarchical order (10, 29, 42, 65).

The myelomonocytic cell line M1 undergoes G1 arrest and
differentiation following exposure to interleukin-6 (IL-6) or
leukemia inhibitory factor (15, 50). During this process the
expression of several signaling molecules is altered. c-myb is
downregulated within 3 h from the start of the exposure to IL-6
or leukemia inhibitory factor (26). This is followed by the
downregulation of c-myc (25). Overexpression of either c-myb

or c-myc inhibits IL-6-induced differentiation of M1 cells (25,
26, 49), suggesting that the downregulation of these molecules
is required for differentiation. Another molecule whose expres-
sion changes during differentiation of the M1 cells is the cyclin-
dependent kinase inhibitor p21WAF1, which is induced follow-
ing exposure to IL-6 (57). One factor known to induce p21WAF1

is p53 (12). Since M1 cells, however, do not express p53 (62),
the induction of p21WAF1 in these cells is p53 independent.
Evidence presented in this report indicates that the p53-inde-
pendent induction of p21WAF1 in differentiating M1 cells de-
pends on the downregulation of the Gfi-1 homolog Gfi-1B,
which functions as a direct repressor of p21WAF1.

Gfi-1 is a cellular proto-oncogene that was identified as a
target of provirus integration in retrovirus-induced T-cell-lym-
phoma lines selected for IL-2 independence in culture and in
primary retrovirus-induced lymphomas (16, 47, 48). Our early
studies have shown that Gfi-1 encodes a transcriptional repres-
sor (66) whose repressor function depends on a novel repres-
sor domain SNAG (19). Forced expression of Gfi-1 inhibits
apoptosis of primary thymocytes and immortalized T cells (20)
and abrogates G1 arrest induced by IL-2 withdrawal from IL-
2-dependent T-cell lines (16, 20). Gfi-1B was cloned by low-
stringency hybridization to a probe derived from the Gfi-1 zinc
finger region. Interestingly, Gfi-1B was also found to be a
target of provirus integration in a subset of B-cell lymphomas
induced by Moloney murine leukemia virus (Mo-MuLV) in
Em-myc transgenic, pim-1/pim-2 knockout mice (39a).

Here we show that Gfi-1B also encodes a SNAG domain
containing a transcriptional repressor and that the p21WAF1

promoter is one of its direct targets. IL-6 treatment of M1 cells
results in the downregulation of Gfi-1B and the parallel induc-
tion of p21WAF1. The induction of p21WAF1 is a direct conse-
quence of the downregulation of Gfi-1B. Inhibition of the
induction of p21WAF1 by the forced expression of Gfi-1B inhib-
its cell cycle arrest and differentiation of the M1 cells, sug-
gesting that these processes depend on p21WAF1 expression.
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Although p21WAF1 expression can be induced by a multitude of
transcriptional activators (5, 8, 21, 36, 37, 43, 44, 54–56, 58, 64),
Gfi-1B appears to be its only repressor known to date.

(This work was carried out to partially fulfill the Ph.D. thesis
requirements of B.T. at the University of Pennsylvania School
of Medicine.)

MATERIALS AND METHODS

Isolation and sequencing of Gfi-1B cDNA. A 2.9-kb EcoRI fragment from rat
genomic DNA hybridizing to a DNA probe from the zinc finger region of the rat
Gfi-1 gene (40% formamide, 63 SSC [13 SSC is 0.15 M NaCl plus 0.015 M
sodium citrate] at 37°C) was cloned into the lambda phage vector lambda ZapII
(Stratagene). A 400-bp, repeat-free PstI fragment isolated from this clone was
hybridized to RNA from different mouse tissues and was shown to be expressed
primarily in spleen and bone marrow. Screening a murine spleen cDNA library
(Stratagene) with the same probe identified seven cDNA clones representing a
novel Gfi-1-related gene which was named Gfi-1B. The pBluescript(SK2)/Gfi-
1B plasmids generated by in vivo excision (according to the manufacturer’s
protocol) were subjected to sequence analysis (Sequenase kit; U.S. Biochemical
Corp.) with vector- and Gfi-1B-specific oligonucleotide primers. The sequences

obtained were analyzed with the GCG sequence analysis software package (Ge-
netics Computer Group, Madison, Wis.).

Northern and Western blotting. RNA was isolated from different mouse
tissues or cultured cells by the method of Chomczinski and Sacchi (9). Total
RNA (15 mg) was electrophoresed in 1% formaldehyde agarose gel. Following
transfer to Hybond-N nylon membranes (Amersham), the RNA was hybridized
to DNA probes as described in the Results section.

M1 cells before and after exposure to IL-6 were lysed in radioimmunoprecipi-
tation assay buffer (10 mM Tris-HCl [pH 7.2], 150 mM NaCl, 1% sodium
deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS), 1 mM
EDTA), and the resulting lysates were electrophoresed by SDS-10% polyacryl-
amide gel electrophoresis. Western blots of these lysates were subsequently
probed with antibodies to Gfi-1B (1:1,000 dilution) or p21WAF1 (1:250 dilution)
[p21(C19); Santa Cruz Biotechnology]. The Gfi-1B antibody was raised as fol-
lows. The amino-terminal region of Gfi-1B (amino acids 1 to 158) was tagged at
its carboxy terminus with a 6-amino-acid histidine tag and was expressed in
Escherichia coli. Protein purified by affinity chromatography with a Nickel col-
umn was mixed with Freund adjuvant and injected into rabbits (0.5 mg/rabbit).
Antibody-positive sera were collected after three sequential monthly injections.

Bacterial GST-Gfi-1B fusion protein and Gfi-1B DNA binding: random oligo-
nucleotide selection. To express the Gfi-1B zinc finger domain in E. coli, we am-
plified the associated DNA sequence by PCR. BamHI and EcoRI restriction sites

FIG. 1. Gfi-1B encodes a Gfi-1-related zinc finger protein that is expressed in bone marrow and spleen. (A) Predicted amino acid sequence of Gfi-1B and
comparison with Gfi-1. The two proteins exhibit a high degree of homology in the SNAG repressor domain (amino acids 1 to 19) and the zinc finger domain (amino
acids 164 to 329). The arrow indicates the start of the zinc finger region. (B) Tissue distribution of Gfi-1B and Gfi-1. Gfi-1B is expressed in bone marrow and spleen,
whereas Gfi-1 is expressed primarily in bone marrow and thymus.
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were introduced at the ends of the amplified DNA, which was then digested with
BamHI and EcoRI and subcloned in frame with glutathione S-transferase (GST)
in the pGEX vector (Pharmacia).

Bacterial cells transformed with the resulting expression construct pGEX-
Gfi-1B were grown to log phase and induced with 1 mM isopropyl-b-D-thioga-
lactopyranoside (Sigma). At 2 h following induction, the bacteria were pelleted
and sonicated in ice-cold phosphate-buffered saline (PBS) containing the pro-
tease inhibitor phenylmethylsulfonyl fluoride (PMSF) (Sigma) (1 mM). The
lysates were then clarified by centrifugation at 15,000 3 g and mixed with
glutathione-linked agarose beads (Sigma).

To identify the DNA-binding consensus for Gfi-1B, a random double-stranded
oligonucleotide pool was generated as described previously (66). A 1-mg portion
of the mixture of double-stranded oligonucleotides containing an 18-bp random
sequence at the center was incubated with 5 mg of the GST-Gfi-1B fusion protein
attached to glutathione-linked agarose beads. Incubation was carried out at

25°C in binding buffer (25 mM HEPES [pH 7.5], 100 mM KCl, 0.1 mM ZnSO4,
10 mM MgCl2, 0.1% Nonidet P-40, 1 mM dithiothreitol [DTT], 5% glycerol,
poly[dI-dC] [0.2 mg/ml], bovine serum albumin [0.2 mg/ml]) for 30 min. The beads
were then centrifuged and washed three times with binding buffer and then
boiled for 5 min in water. The oligonucleotide mixture eluted by boiling was used
as a template for PCR amplification. After four rounds of selection and ampli-
fication, the PCR products were cloned into pBluescript. Plasmid DNA from 80
individual E. coli transformants was sequenced to determine the binding con-
sensus for Gfi-1B.

Cell lines and cultures. M1 cells (TIB 192) and NIH 3T3 cells (TIB 163) were
obtained from the American Type Culture Collection (Rockville, Md.), while the
10-1 cells (23) were provided by J. Sherley (Fox Chase Cancer Center). 10-1 cells
and NIH 3T3 cells were grown in Dulbecco modified Eagle medium supple-
mented with 10% fetal bovine serum and 1% penicillin, 1% streptomycin, and
1% kanamycin, while M1 cells were grown in RPMI supplemented with 10%

FIG. 2. Definition of the Gfi-1B binding site. (A) Double-stranded DNA oligonucleotides used for Gfi-1B binding and PCR amplification. The original oligonu-
cleotide pool contained an 18-bp random sequence flanked by fixed sequences that were used for PCR amplification. (B) Alignment of 64 sequences of the selected
oligonucleotides containing one AATC motif (underlined). (C) Deduced Gfi-1B binding site. The numbers show the frequencies of individual bases at each position.
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endotoxin-free fetal bovine serum (Gibco BRL) and 1% penicillin, 1% strepto-
mycin, and 1% kanamycin. M1 cells were seeded at 2 3 105 cells per ml prior to
exposure to murine recombinant IL-6 (50 ng/ml) (R&D Systems).

Expression and reporter constructs. To generate pCMV5/Gfi-1B, the 1.7-kb
full-length Gfi-1B cDNA was released from pBluescript(SK2) by double diges-
tion with EcoRI and SalI and then subcloned between EcoRI and SalI in the
CMV5 expression vector (1) or between EcoRI and XhoI in the expression vector
pcDNA3 (Invitrogen).

To generate the VP16/Gfi-1B chimera, the sequence encoding the acidic
activation domain of VP16 (60), including the Kozak consensus, was amplified by
PCR. EcoRI and BamHI restriction sites were introduced via the PCR reaction
at the 59 and 39 ends of the amplified sequence. The amplified DNA was then
digested with EcoRI and BamHI. The sequence encoding the zinc finger domain
of Gfi-1B was also amplified and digested with EcoRI and BamHI. The two
PCR-amplified DNA fragments were ligated together at the BamHI site, and the
resulting hybrid DNA fragment was cloned into the EcoRI site of the expression
vector pCMV5.

To generate the DSNAG mutant (which lacks the first 20 amino acids of Gfi-
1B), an oligonucleotide homologous to the zinc finger region 39 of the HindIII
site at nucleotide 765 and another oligonucleotide containing an EcoRI restric-
tion site, the Gfi-1B ATG, and 15 nucleotides encoding amino acids 21 to 25 of
Gfi-1B were used in an amplification reaction with the Gfi-1B cDNA as template.
The product of the reaction was digested with EcoRI and HindIII and ligated
into a pDNA3-based construct containing the zinc finger region of the Gfi-1B
cDNA from the HindIII site to the unique BamHI site at nucleotide 1390 in the
39-untranslated region of the gene. The delta amino terminus (DNter) construct
was made in a similar manner with the same first oligonucleotide (in the zinc
finger region) and another oligonucleotide containing an EcoRI restriction site,
the Gfi-1B ATG, and 15 nucleotides encoding amino acids 164 to 168. The
product of the amplification reaction was digested with EcoRI and HindIII and
ligated into a pDNA3-based construct containing the HindIII-to-BamHI frag-
ment of Gfi-1B. All clones were sequenced to ensure that the final product
contained no additional mutations.

Transfections. NIH 3T3 cells were transiently transfected using Lipofectamine
reagent (Gibco BRL) as suggested by the manufacturer. About 1.8 3 105 cells
were seeded in 35-mm-diameter petri dishes 16 h prior to transfection. Reporter
plasmids (1.8 mg) and 100 ng of pCMV5 empty vector, pCMV5/Gfi-1B, or
pCMV5/VP16/Gfi-1B were cotransfected.

FIG. 3. Gfi-1B represses whereas a VP16/Gfi-1B chimera activates promoters containing a Gfi-1B binding site(s). (A) Schematic diagram of six different CAT
reporter constructs. CAT expression by these constructs is under the control of a minimal herpes simplex virus thymidine kinase promoter (construct 1) with one
(construct 4), two (construct 3) or four (construct 2) Gfi-1B binding sites placed upstream or four sites placed downstream (construct 5) of the CAT gene. Alternatively,
one mutant site with a GATC instead of an AATC core motif was placed upstream of the thymidine kinase promoter (construct 6). (B) Schematic diagram of Gfi-1B
and a VP16/Gfi-1B chimera. In this chimera the Gfi-1B amino-terminal region (amino acids 1 to 164) was replaced by the acidic activation domain of VP16 (amino
acids 1 to 147). (C) Cotransfection of the six CAT reporter constructs (1.8 mg) shown in panel A with a CMV5/Gfi-1B construct (100 ng) into NIH 3T3 cells results
in repression of CAT gene expression (top panel, lanes 2 to 5; the lane number corresponds to the number of the reporter construct used in that lane, as shown in panel
A), while cotransfection of the same reporter constructs with the CMV5 empty vector (100 ng) does not (bottom panel). Cotransfection of the reporter constructs with
a CMV5 expression construct of the VP16/Gfi-1B chimera (100 ng) shown in panel B induces CAT expression from the same constructs that were repressed by Gfi-1B
(middle panel). Mutation of the AATC motif to GATC abrogates both the repression and the induction of CAT expression (lane 6).

TABLE 1. Derivation of the Gfi-1B consensus binding site

Totala

No. of
oligonucleotides

withb:

% of
oligonucleotides

withc:
Consensus
binding site

59 to 39
A C G T A C G T

23 5 7 5 6 22 30 22 26
27 10 7 5 5 37 26 19 19
32 10 6 11 5 31 19 34 16
35 11 6 9 9 31 17 26 26
37 8 9 11 9 22 24 30 24
40 13 9 10 8 33 23 25 20
43 2 13 1 27 5 30 2 63 T
61 55 5 0 1 90 8 0 2 A
64 0 0 0 64 100 0 0 0 A
64 64 0 0 0 100 0 0 0 A
64 0 0 0 64 0 0 0 100 T
64 0 64 0 0 0 100 0 0 C
64 61 1 0 2 95 2 0 3 A
64 4 42 18 0 6 66 28 0 C
64 10 2 15 37 16 3 23 58 T
64 6 6 45 7 9 9 70 11 G
60 5 49 1 5 8 82 2 8 C
57 27 4 7 19 47 7 12 33 A/T
51 18 12 7 14 35 24 14 27
45 10 9 15 11 22 20 33 24
40 7 12 13 8 18 30 33 20
36 9 5 13 11 25 14 36 31
29 9 8 5 7 31 28 17 24
23 6 4 7 6 26 17 30 26

a Total number of selected oligonucleotides at a given position.
b Number of selected oligonucleotides that carried that base at a given position.
c Percentage of selected oligonucleotides that carried that base at a given position.

When the frequency of selection of a base at a given position was statistically
significant to a P value of ,0.05, the base is identified by a capital letter in the
binding site column. Bases selected at a frequency of 100% are in boldface.
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FIG. 4. Forced expression of Gfi-1B inhibits IL-6-induced G1 arrest and differentiation of the murine myeloblastic leukemia cell line M1. (Aa) Northern blot of
total-cell RNA derived from clones of M1 cells transfected with the pcDNA3 vector (M1/vector) or a pcDNA3 expression construct of Gfi-1B (M1/Gfi-1B) probed with
a Gfi-1B cDNA probe. Cells were harvested before (time 0) and 24 h after treatment with IL-6. (Ab) Northern blot of total-cell RNA derived from M1 cells stably
transfected with pcDNA3-based expression constructs of Gfi-1BDSNAG or Gfi-1BDNter probed with a Gfi-1B cDNA probe. Cells were also harvested before (time
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10-1 cells were transfected by the calcium phosphate precipitation method
(17). About 3.5 3 105 cells were seeded in 60-mm-diameter petri dishes prior to
transfection. Portions (1.5 mg) of different p21WAF1 promoter constructs and 3 mg
of pCMV5/Gfi-1B or 0.25 mg of p21WAF1 promoter constructs and 4.25 mg of
pCMV5/VP16/Gfi-1B were cotransfected.

Stable transfections were performed by electroporation (19). pcDNA3 empty
vector and pcDNA3/Gfi-1B were prepared with Qiagen columns (QIAGEN, Inc.).
The plasmid DNAs were gel purified following linearization by EcoRI digestion.
M1 cells were seeded 16 h prior to transfection. Electroporation of 107 M1 cells,
suspended in 250 ml of medium (without antibiotics), was carried out in 0.45-mm
cuvettes (Bio-Rad) with 20 mg of DNA. Samples were pulsed at 960 mF and 260
mV and placed in culture for 48 h before selection. The cells were then diluted
and seeded at 5 3 104 cells per ml in growth medium containing 400 mg of
geneticin per ml (G418 sulfate; Gibco BRL) and divided into aliquots in 24-well
plates (5 3 104 cells/well). After 3 to 4 weeks, cultures from wells containing
surviving cells were expanded and subcloned in agar in the presence of G418.
The Gfi-1B/DSNAG and Gfi-1B/DNter transfectants were maintained as mass
cultures. Fully selected transfectants were maintained in G418 at 200 mg/ml.

Chloramphenicol acetyltransferase (CAT) assays. NIH 3T3 or 10-1 cells were
cotransfected with Gfi-1B, VP16/Gfi-1B, and CAT reporter constructs as de-
scribed above. Cell lysates were collected 40 h later by four consecutive freeze-
thaw cycles and were normalized for transfection efficiency by a b-galactosidase
assay (6). Lysates were analyzed for CAT activity by thin-layer chromatography
(61).

In vitro translation, preparation of M1 nuclear extracts, and electrophoretic
mobility shift assays (EMSAs). Gfi-1B was in vitro transcribed and translated by
the TNT T7-coupled reticulocyte lysate system (Promega). Nuclear extracts were
prepared from untreated and IL-6-treated M1 cells collected at 36 h after the
start of the IL-6 treatment by the protocol of Kramer and Keller (30). Briefly,
1 3 108 to 2 3 108 cells were collected in 25 ml of cold PBS and pelleted. After
being washed with 1 ml of buffer A [10 mM HEPES-KOH (pH 7.9), 1.5 mM
MgCl2, 10 mM KCl, 0.5 mM DTT], the cells were resuspended in 0.5 ml of the
same buffer and they were forced several times through a 25-gauge-by-0.625-
inch hypodermic needle. Collected cell nuclei were resuspended in 0.2 ml of
buffer C (20 mM HEPES-KOH [pH 7.9], 25% glycerol, 0.42 M NaCl, 1.5 mM
MgCl2, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, pepsin [1 mg/ml]).
The nuclear extracts were dialyzed against 400 ml of buffer D [20 mM HEPES-
KOH (pH 7.9), 20% glycerol, 0.1 M NaCl, 0.2 mM EDTA, 0.5 mM DTT]. The
protein concentration of the nuclear extracts was determined by the Bradford
assay (Bio-Rad).

EMSAs were done with a double-stranded oligonucleotide probe containing
the Gfi-1B binding site (59-CCGAAGTACCGTGATTTCAGGCATGCAC-39,
annealed to its complementary strand). A mutant oligonucleotide (AATC to
GGTC) was also generated. The wild-type double-stranded oligonucleotides
were end labeled with [g-32P]ATP and T4 polynucleotide kinase (New England
Biolabs). One-tenth of the Gfi-1B translated in vitro from RNA derived from
1 mg of pcDNA3/Gfi-1B or 12 mg of M1 nuclear extracts was incubated with 104

cpm of the end-labeled oligonucleotides (20 min at room temperature) in a 20-ml
final volume in binding buffer [12 mM HEPES (pH 7.6), 12% glycerol, 4 mM
Tris, 60 mM KCl, 1 mM EDTA, 1 mM DTT, poly(dI-dC) (2 mg)]. To compete
the protein binding, excess wild-type or mutant double-stranded oligonucleotides
were incubated with the in vitro-translated product (100- to 200-fold) or the
M1 nuclear extracts (100-fold) for 15 min prior to the addition of the labeled probe.
Samples were then electrophoresed at 25 mA in nondenaturing polyacrylamide gels
at 4°C for 3 h in 0.53 TBE buffer (45 mM Tris-borate–1 mM EDTA [pH 8.0]) (66).

Cell cycle analysis. Parental M1, M1/vector, and M1/Gfi-1B cells were seeded
at 2 3 105 cells per ml. After IL-6 treatment (50 ng/ml), the cells were harvested
at sequential time points as indicated below. Harvested cells were washed with
PBS and resuspended in fluorescence-activated cell sorter buffer (3.4 mM so-
dium citrate, 10 mM NaCl, 0.1% Nonidet P-40, 75 mM ethidium bromide) (51).
The DNA content of these cells was then determined by flow cytometry. The
data were analyzed with the CellQuest package (Becton Dickinson).

M1 cell attachment to the surface of the petri dish. Parental M1, M1/vector,
and M1/Gfi-1B cells were seeded at 2 3 105 cells per ml, and they were treated
with IL-6 (50 ng/ml). After 48 h, the medium and the suspension cells were
removed, the dishes were washed twice with PBS, and the cells were photo-
graphed with an inverted microscope (Nikon).

Mac-1 expression. Parental M1, M1/vector, and M1/Gfi-1B cells were col-
lected at 96 h following IL-6 treatment. Expression of Mac-1 was then deter-

mined by staining the cells with the anti-mouse CD11b monoclonal antibody
M1/70 (Pharmigen), which is directed against the Mac-1 am chain. This chain is
known to be induced during differentiation along the macrophage lineage (4).
Stained cells were analyzed by flow cytometry with a fluorescence-activated cell
sorter and the CellQuest software package (Becton Dickinson).

Nucleotide sequence accession number. The cDNA sequence for Gfi-1B has
been submitted to GenBank under accession no. AF017275.

RESULTS
Gfi-1B encodes a Gfi-1-related zinc finger protein that is

expressed in bone marrow and spleen. With a DNA probe
derived from the zinc finger region of Gfi-1 (16) and low-
stringency hybridization, we cloned three novel zinc finger pro-
tein-encoding genes from rat DNA. A full-length cDNA clone
of one of these genes, Gfi-1B, isolated from a murine spleen
cDNA library (Stratagene), encodes a 330-amino-acid zinc fin-
ger protein which is 97% identical to Gfi-1 in the zinc finger
region. The homology between the two proteins, amino-termi-
nal to their zinc finger domains, is restricted to a 20-amino-acid
peptide which defines the Gfi-1 repressor domain SNAG (19)
(Fig. 1A). SNAG is shared by Gfi-1 and Gfi-1B, the members
of the Snail/Slug family of proteins found in vertebrates (19),
the zinc finger protein IA-1, which is overexpressed in neu-
roendocrine neoplasms (32), and the homeobox protein Gsh-1,
which is involved in pituitary development (34).

Gfi-1 is expressed in bone marrow, thymus, and to a lesser
extent in spleen (Fig. 1B), as well as in testes (16). Hybridiza-
tion of a Gfi-1B cDNA probe derived from the unique non-zinc
finger region of the gene to normal RNA from different mouse
tissues revealed that Gfi-1B is expressed primarily in bone
marrow and spleen as a single 1.8-kb RNA (Fig. 1B). The two
genes differ with regard to their chromosomal locations. Thus,
in mice Gfi-1 maps to chromosome 5 (3), whereas Gfi-1B maps
to chromosome 2 near B-myc (59a). Similarly, in humans Gfi-1
maps to chromosome 1p22 (3), whereas Gfi-1B maps within a
sequenced cosmid (GenBank accession number AC000393)
derived from human chromosome 9q34.

Gfi-1B is a sequence-specific DNA-binding protein that
functions as a transcriptional repressor. The sequence homol-
ogies between Gfi-1B and Gfi-1 suggested that the latter may
also be a sequence-specific DNA-binding protein and that it
may also function as a transcriptional repressor. To address the
first hypothesis, we used the random oligonucleotide binding
and selection strategy (66). The oligonucleotide library se-
lected after four rounds of Gfi-1B binding was cloned into
pBluescript, and the isolated clones were sequenced. Of 80
sequenced clones, all contained at least one AATC motif.
Aligning the sequences of 64 clones with one or two AATC
motifs revealed that the Gfi-1B DNA-binding consensus se-
quence (Fig. 2 and Table 1) is virtually identical to the DNA-
binding consensus sequence of Gfi-1 (66). To examine whether
Gfi-1B also functions as a transcriptional repressor, NIH 3T3
cells, which express neither Gfi-1 nor Gfi-1B (data not shown),
were cotransfected with a CMV5/Gfi-1B expression construct
and a CAT reporter construct. The CAT gene in the latter
construct was under the control of a minimal thymidine kinase

0) and 24 h after treatment with IL-6. (Ba) Gfi-1B expression in six M1 cell clones 24 h after exposure to IL-6. Clone 1 was untransfected parental M1, clone 2 was
transfected with pcDNA3, and clones 3 to 6 were transfected with the pcDNA3/Gfi-1B construct. (Bb1 and Bc1) Constitutive expression of Gfi-1B blocks IL-6-induced
differentiation of M1 cells. Differentiation was assessed by measuring the relative cell attachment to the surface of the petri dish at 48 h after IL-6 treatment (b1) and
Mac-1 expression at 96 h after IL-6 treatment (c1). The superimposed graphs in panel Bc depict fluorescent intensity versus cell number in untreated and IL-6-treated
cell cultures. Graphs 1 to 6 in both panels Bb1 and Bc1 correspond to the six M1 clones analyzed for Gfi-1B expression after the IL-6 treatment shown in panel Ba.
(Bb2 and Bc2) M1 cells stably transfected with Gfi-1BDSNAG or Gfi-1BDNter do not differentiate in response to IL-6 as determined by cell attachment to plastic (Bb2)
and by Mac1 expression (Bc2). Identical results were obtained from four independent cultures of M1 cells expressing these mutants. (C) Constitutive expression of
Gfi-1B in M1 cells inhibits IL-6-induced G1 arrest. M1/vector, M1/Gfi-1B, M1/mutGfi-1B(DSNAG), and M1/mutGfi-1B(DN) cells were examined for cell cycle
distribution at 0, 48, and 72 h after IL-6 treatment. Each percentage of cells in G1 or S represents an average of three independent experiments.
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promoter from herpes simplex virus with one to four con-
catamerized Gfi-1/Gfi-1B binding sites upstream or four sites
downstream of the reporter (19). Alternatively, this construct
contained a single mutant site (GATC as opposed to AATC)
upstream of the reporter (Fig. 3A). The results (Fig. 3C, upper
panel) showed that Gfi-1B represses all constructs containing
wild-type Gfi-1B binding sites but has no effect on the con-
struct containing the mutant site. The strength of the repres-
sion was proportional to the number of Gfi-1B binding sites in
the reporter construct. Cotransfection of the same reporter
constructs with an expression construct of a VP16/Gfi-1B chi-
mera (Fig. 3B) revealed that the chimera activates the report-
ers that are repressed by wild-type Gfi-1B (Fig. 3C, middle
panel). These results collectively indicate that Gfi-1B is an
additive, distance-independent, active transcriptional repres-
sor which functions by binding to the same DNA sequence as
Gfi-1.

G1 arrest and differentiation induced by exposure of the
myelomonocytic cell line M1 to IL-6 depend on the IL-6-in-
duced downregulation of Gfi-1B. Both Gfi-1B and Gfi-1 are
expressed in the bone marrow. However, the two genes are
differentially expressed in the cells that leave the bone marrow
to populate the thymus and the spleen. Thus, thymocytes ex-
press mainly Gfi-1, while splenocytes express almost exclusively
Gfi-1B (Fig. 1B). Additional hematopoietic-lineage-specific ex-
pression studies showed that Gfi-1B is expressed in early he-
matopoietic cells and that its expression declines with differ-
entiation (44a).

This pattern of expression suggested that Gfi-1B may be
involved in the differentiation of hematopoietic cells. To test
this hypothesis we first examined whether IL-6-induced differ-
entiation of the myelomonocytic cell line M1 is associated with
changes in Gfi-1B expression. The results showed that growing
M1 cells express substantial levels of Gfi-1B and that Gfi-1B
expression declines to undetectable levels within 24 h, follow-
ing exposure to IL-6 (Fig. 4Aa, left panel). The downregulation
of Gfi-1B could either be the cause or the result of differenti-
ation. To distinguish between these possibilities, we examined
whether forced expression of Gfi-1B inhibits IL-6-induced dif-
ferentiation. Gfi-1B was stably transfected into M1 cells by
using a pcDNA3 expression construct. Of 20 transfected M1
cell clones, 3 overexpress Gfi-1B as determined by the sus-
tained expression of the gene following exposure of the clones
to IL-6. Fig. 4Aa (right panel) shows the expression of Gfi-1B
in one of these clones before and 24 h after the start of IL-6
treatment. Fig. 4Ba shows a dot blot analysis of RNA isolated
from wild-type and vector-transfected M1 clones (blots 1 and
2, respectively) and four Gfi-1B-transfected clones at 24 h after
exposure to IL-6. Of the latter clones, one (blot 3) does not
express Gfi-1B constitutively, whereas the other three (blots 4,
5, and 6) do. The same cell clones were then scored for IL-6-
induced differentiation, which was measured by their relative
attachment to the surface of the petri dish at 48 h and by the
relative expression of Mac-1, a marker of mature macro-
phages, granulocytes, and natural killer cells (2) at 96 h fol-
lowing exposure to IL-6. Mac-1 expression was determined by
immunofluorescence staining and flow cytometry (4). The re-
sults revealed that forced expression of Gfi-1B prevented both
cell attachment (Fig. 4Bb1) and Mac-1 induction (Fig. 4Bc1).
Clone 3, however, which had been transfected with the Gfi-1B
construct but did not overexpress Gfi-1B, underwent differen-
tiation in a way similar to that of the parental and vector-
transfected cells. Identical results were obtained with three
mass cultures of M1 cells infected with the MSCV retrovirus
vector (24) or MSCV-based Gfi-1B expression constructs (data
not shown).

IL-6-induced differentiation of M1 cells has been linked to
the partial G1 arrest which occurs at approximately 48 h fol-
lowing exposure to IL-6 (30). Since forced expression of Gfi-1B
blocks differentiation, we examined whether it also inhibits
IL-6-induced G1 arrest. To this end, five of the M1 cell clones
tested for differentiation (clones 1, 2, 4, 5, and 6) were exam-
ined for their cell cycle distribution before and at 48 and 72 h
following exposure to IL-6. Cell cycle distribution was deter-
mined by ethidium bromide staining and flow cytometry (51).
The results (Fig. 4C) showed that forced expression of Gfi-1B
indeed impairs the partial G1 arrest induced by IL-6 without
changing cell viability.

To determine whether the inhibition of the IL-6-induced
differentiation of M1 cells that stably overexpress Gfi-1B
depends on the ability of Gfi-1B to repress transcription, we
stably transfected M1 cells with pcDNA3-based expression
constructs of Gfi-1BDSNAG and Gfi-1BDNter. These Gfi-1B
mutants harbor deletions of the SNAG domain (amino acids 2
to 20) or the entire amino-terminal region (amino acids 2 to
163), respectively, and lack transcriptional repression activity
(59). The transfected cells were then treated with IL-6, and
they were examined at the indicated time points for Gfi-1B
expression, differentiation, and cell cycle distribution. Expres-
sion of Gfi-1B was determined by Northern blotting, differen-
tiation was determined by cell attachment to plastic, and Mac-1
expression and cell cycle distribution were determined by flow
cytometry as described above. The results (Fig. 4) revealed that
Gfi-1BDSNAG and Gfi-1BDNter fail to inhibit the IL-6-in-
duced G1 arrest and differentiation of M1 cells. Therefore, the
effects of Gfi-1B on IL-6-induced cell cycle arrest and differ-
entiation of the M1 cells depend on its ability to repress tran-
scription.

Epistatic relationship of the downregulation of Gfi-1B, c-
myc, and c-myb during IL-6-induced differentiation of M1 cells.
At least two other oncogenes, c-myb and c-myc, are known to
be downregulated during IL-6-induced differentiation of the
M1 cells and their downregulation is necessary for differenti-
ation (25, 26). To map the action of Gfi-1B epistatically relative
to c-myb and c-myc, parental as well as vector or Gfi-1B-
transfected M1 cells were examined for c-myb or c-myc expres-

FIG. 5. Epistatic relationship of Gfi-1B, c-myc, and c-myb during IL-6-in-
duced differentiation of M1 cells. Northern blots of total RNA from parental M1
cells and pcDNA3 and pcDNA3/Gfi-1B-transfected M1 cells were hybridized to
c-myc and c-myb probes. Cells were harvested at 0, 6, and 24 h following exposure
to IL-6. Ethidium bromide staining of the RNA is presented as a measure of
loading.
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sion following exposure to IL-6. The results confirmed that
both c-myb and c-myc are downregulated during differentiation
and that the downregulation of c-myb precedes that of c-myc
(Fig. 5). Forced expression of Gfi-1B inhibited the downregu-
lation of c-myc (Fig. 5, upper panel), suggesting that Gfi-1B
functions upstream of c-myc. On the other hand, forced ex-
pression of Gfi-1B had no effect on the initial drop of c-myb
expression occurring within 3 h (26) but blocked the complete

repression of c-myb occurring between 6 and 24 h following
exposure to IL-6 (Fig. 5, middle panel). This suggests that the
downregulation of c-myb during M1 cell differentiation is a
complex process accomplished in two steps that are under the
control of different regulatory processes. Gfi-1B downregula-
tion precedes the second but not the first wave of c-myb down-
regulation. Although these data show that Gfi-1B contributes
to the regulation of c-myc and c-myb in the context of my-

FIG. 6. Induction of p21WAF1 during IL-6-induced differentiation of M1 cells depends on the downregulation of Gfi-1B. (A, left) Northern blots of total-cell RNA
from parental M1 cells harvested at the indicated time points following IL-6 treatment. The blot was hybridized to a probe derived from the unique non-zinc finger
region of Gfi-1B (upper panels), a p21WAF1 probe derived from the coding region of the gene (middle panel), and the ribosomal protein rpl18 (lower panel). (A, right)
Western blots of lysates from the same cells, harvested at 0 and 24 h after treatment with IL-6 and probed with the anti-Gfi-1B antiserum (upper panel) or with the
anti-p21 antibody (lower panel). (B, left) Northern blots of M1 cells stably transfected with pcDNA3 or pcDNA3/Gfi-1B and harvested at the indicated time points
following treatment with IL-6. The blots were hybridized to the same Gfi-1B probe (upper panels), p21WAF1 probe (middle panels), or ribosomal protein probe (lower
panels) listed for panel A. (B, right) Western blots of lysates from the cells shown on the left side of panel B probed with anti-Gfi-1B (upper panel) or anti-p21WAF1

(lower panel) antibodies. (C) Forced expression of Gfi-1BDSNAG or Gfi-1BDNter constructs in M1 cells fails to inhibit IL-6-mediated induction of p21WAF1. Northern
blots of M1 cells stably transfected with pcDNA3-based expression constructs of Gfi-1BDSNAG or Gfi-1BDNter and harvested at the indicated time points following
treatment with IL-6 are shown. The blots were probed with Gfi-1B (upper panels) or p21WAF1 (middle panels) probes. RNA loading was determined by staining the
gel with ethidium bromide (lower panel).
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elomonocytic cell differentiation, they do not imply that its role
in the regulation of these genes is direct.

IL-6 treatment of M1 cells downregulates Gfi-1B and up-
regulates p21WAF1 with similar kinetics: forced expression of
Gfi-1B inhibits IL-6-mediated induction of p21WAF1. Progres-
sion through the cell cycle depends on the activity of a set of
kinases, the cyclin-dependent kinases, which are regulated by
binding to their regulatory subunits, the cyclins (18, 41, 52),
and by phosphorylation (33). The cyclin–cyclin-dependent ki-
nase active complexes are also regulated by cyclin-dependent
kinase inhibitors, which bind either to the cyclin-dependent
kinase or the cyclin component of the complexes or both (22,
53). Upregulation of cyclin-dependent kinase inhibitors in-
duces cell cycle arrest (14). Given that the expression of Gfi-1B
prevents G1 arrest, the cyclin-dependent kinase (cdk) inhibi-
tors are good candidate targets for Gfi-1B repression. To ad-
dress this hypothesis, we probed Northern blots of total-cell
RNA from untreated and IL-6-treated M1 cells with Gfi-1B,
p27KIP1, p16INK4A, and p21WAF1 probes. Northern blots of to-
tal-cell RNA derived from M1/Gfi-1B cell lines were probed in
parallel. The results showed that the downregulation of Gfi-1B
in IL-6-treated M1 cells is associated with the upregulation of
p21WAF1 and that the kinetics of the downregulation of Gfi-1B
and the upregulation of p21WAF1 are similar (Fig. 6A, left
panels). However, the upregulation of p21WAF1 was abrogated
in M1 cells transfected with pcDNA3/Gfi-1B and expressing
Gfi-1B constitutively. This is shown in Fig. 6B, which presents
a repeat of the experiment shown in Fig. 6A with pcDNA3- or
pcDNA3/Gfi-1B-transfected cells. The changes in the expres-
sion of Gfi-1B and p21WAF1 at the RNA level paralleled similar
changes at the protein level (Fig. 6A and B, right panels).

Gfi-1BDSNAG and Gfi-1BDNter, two Gfi-1B mutants de-
fective in transcriptional repression function, failed to inhibit
IL-6-induced G1 arrest and differentiation of M1 cells (Fig. 4).
To determine whether these mutants were also defective in
preventing induction of p21WAF1, we examined the expression
of Gfi-1B and p21WAF1 in Gfi-1BDSNAG- and Gfi-1BDNter-
transfected M1 cells before and after IL-6 treatment. The re-
sults (Fig. 6C) revealed that overexpression of the mutants
does not inhibit p21WAF1 induction. These results confirmed
that the downregulation of Gfi-1B and the induction of
p21WAF1 are linked and suggested that Gfi-1B may be a phys-
iological direct repressor of p21WAF1. Of the other two cyclin-
dependent kinase inhibitors whose expression was examined in
these cells, p16INK4A was undetectable and p27KIP1 exhibited a
pattern of expression that did not correlate with that of Gfi-1B
(data not shown).

Gfi-1B represses the p21WAF1 promoter. To determine whether
the downregulation of p21WAF1 by Gfi-1B is due to direct re-
pression of the p21WAF1 promoter, we cotransfected the p53-
deficient mouse embryonic fibroblast cell line 10-1 (23) with a
Gfi-1B expression construct and three progressively deleted
p21WAF1 promoter-CAT reporter constructs: P6 starting at
22514, P7 starting at 21813, and P8 starting at 21369 from
the transcription start site (Fig. 7A) (13). The results showed
that Gfi-1B represses the P6 and P7 p21WAF1 promoter con-
structs but fails to repress the P8 promoter construct (Fig. 7B,
left panel), suggesting that the promoter region responsible for
the repression maps at 22514 to 21369. Cotransfection of the
P7 p21WAF1 reporter construct with the VP16/Gfi-1B chimera
(Fig. 3) showed that the P7 promoter which is repressed by
Gfi-1B is activated by the fusion protein (Fig. 7B, right panel).
These results support the hypothesis that Gfi-1B is a direct
repressor of the p21WAF1 promoter.

Computer-assisted analysis of the nucleotide sequence of
the p21WAF1 promoter revealed a putative high-affinity Gfi-1B

binding site between 21518 and 21530 (Fig. 7A). To confirm
that Gfi-1B binds this site, we carried out EMSAs with a syn-
thetic double-stranded oligonucleotide corresponding to this
site as a probe and in vitro-translated Gfi-1B protein. Figure
8Aa, lane 2, shows an autoradiogram of “in vitro”-translated
Gfi-1B labeled with [35S]methionine. The smaller-size bands
are likely to represent the products of alternative translational
initiation. Figure 8Ab, lane 2, shows that Gfi-1B binds to and
shifts the oligonucleotide corresponding to the putative Gfi-1B
binding site in the p21WAF1 promoter. The binding is specific in
that it is competed by excess unlabeled wild-type but not mu-
tant (AATC to GGTC) oligonucleotide (lanes 3 and 5 and
lanes 4 and 6, respectively). The faster-migrating band could be
due to complexes of the oligonucleotide with the smaller-size
Gfi-1B protein products observed in Fig. 8Aa. EMSAs were
also carried out with the same oligonucleotide derived from
the sequence of the p21WAF1 promoter and nuclear extracts
from IL-6-treated (36 h) and untreated M1 cells (Fig. 8B). The
results showed that nuclear extracts from untreated (lane 2)
M1 cells also bind to the probe, giving rise to one major shifted
band which is competed by excess unlabeled wild-type oligo-
nucleotide (lane 3) but not by its nonbinding mutant (lane 4)
(Fig. 8B). The shift was not detected in nuclear extracts, how-
ever, from IL-6-treated (36 h) M1 cells (lane 7) in which Gfi-1B
is no longer expressed (Fig. 8). An oligonucleotide derived
from the Gfi-1B binding site selection experiment and a non-
binding mutant of the same oligonucleotide were also used for
competition experiments, and the results were identical (Fig.
8B, lanes 5 and 6).

FIG. 7. Gfi-1B is a direct repressor of the p21WAF1 promoter. (A) Schematic
diagram of sequentially deleted p21WAF1 promoter-CAT reporter constructs.
The location and sequence of a putative Gfi-1B binding site at 21530 to 21518
are marked. (B) Gfi-1B represses whereas the VP16/Gfi-1B chimera activates the
p21WAF1 promoter. The p53-deficient mouse embryonic fibroblast cell line 10-1
was cotransfected as indicated with the reporter constructs shown in panel A and
Gfi-1B (left panels) or the VP16/Gfi-1B chimera (right panels). Repression and
activation were quantitatively measured with a phosphorimager. Repression
measurements were based on three independent experiments. Activation mea-
surements were based on two independent experiments.
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DISCUSSION

The data presented in this report show that the Gfi-1-related
gene Gfi-1B encodes a 329-amino acid protein which is homol-
ogous to Gfi-1 in the zinc finger and SNAG repressor domains
but which diverges completely from Gfi-1 in the region be-
tween the two domains. As expected from these findings, the
Gfi-1B protein binds the same DNA sequence as Gfi-1 (66)
and functions also as a transcriptional repressor (19, 66). One
of the targets of the Gfi-1B repressor is the cyclin-dependent
kinase inhibitor p21WAF1.

During IL-6-induced differentiation of the myelomonocytic
cell line M1 along the macrophage lineage, Gfi-1B is down-
regulated to undetectable levels, whereas p21WAF1 is induced.
In parallel with these phenomena the M1 cells undergo partial
G1 arrest at 48 h from the start of the exposure to IL-6 and they
differentiate along the macrophage lineage. Forced expres-
sion of Gfi-1B in M1 cells blocks the IL-6-mediated induc-
tion of p21WAF1 and inhibits G1 arrest and differentiation.
However, Gfi-1B mutants lacking the SNAG domain or the
entire amino-terminal region of Gfi-1B fail to inhibit both the
induction of p21WAF1 and the cell cycle arrest and differenti-
ation of these cells. These data suggest that IL-6 downregulates
Gfi-1B, whose expression in proliferating cells maintains
p21WAF1 in a repressed state. Downregulation of Gfi-1B dere-
presses the p21WAF1 promoter and contributes to the induction
of p21WAF1. Expression of p21WAF1 is likely to contribute to the
induction of G1 arrest and differentiation in IL-6-treated M1
cells.

If the inhibitory effect of Gfi-1B on the differentiation of M1
cells is due to the repression of p21WAF1, M1 cells defective in
p21WAF1 should fail to differentiate in response to IL-6. Pre-
liminary data show that M1 cells overexpressing antisense
p21WAF1 indeed failed to undergo G1 arrest and differentiation
despite the fact that they downregulated Gfi-1B normally in
response to IL-6 (data not shown). These data suggest that

p21WAF1 induction may play an important regulatory role in
hematopoietic cell differentiation, and they are in agreement
with earlier data showing that mice with homozygous inactiva-
tion of p21WAF1 exhibit abnormalities in the differentiation of
other differentiating cell types such as keratinocytes (40).

M1 cells have been extensively studied as a model of myeloid
cell differentiation. Studies with this model system have shown
that the differentiation process is marked by changes in the
expression of a series of genes (35). Some of these genes are
likely to play a regulatory role, whereas others may be impor-
tant for the expression of the differentiated cell phenotype (2).
Two of the regulatory genes, namely c-myb (49) and c-myc
(25), behave in a way similar to Gfi-1B during differentiation in
that they are both downregulated. Moreover, downregulation
of these transcriptional activators is obligatory for differentia-
tion (49) and neither is known to regulate the p21WAF1. Of
these, c-myb is downregulated within the first 3 h, while c-myc
is downregulated beyond the 6-h time point following exposure
to IL-6. As expected from these findings, forced expression of
c-myb blocks the downregulation of c-myc and abolishes dif-
ferentiation (49). Overexpression of c-myc, on the other hand,
does not affect c-myb expression and blocks differentiation at
an intermediate state (25). The data in this report showed that
overexpression of Gfi-1B blocks the downregulation of c-myc
and therefore suggest that the downregulation of Gfi-1B not
only precedes but is also required for the downregulation of
c-myc. The same data revealed unexpectedly that the down-
regulation of c-myb is a more complex process that takes place
in two differentially regulated waves. The first wave, which
occurs within the first 3 h following exposure to IL-6, precedes
and is independent of the downregulation of Gfi-1B. However,
the second wave of c-myb downregulation, which occurs more
than 6 h following exposure to IL-6, is blocked by the overex-
pression of Gfi-1B. These data provide a temporal framework
that is required to further explore the potential physiological

FIG. 8. Gfi-1B binds the p21WAF1 promoter directly. (Aa) [35S]methionine-labeled, in vitro-translated Gfi-1B was electrophoresed in 10% SDS-PAGE. Lanes: 1,
products of in vitro translation carried out in the absence of exogenously added RNA; 2, in vitro translation in the presence of Gfi-1B RNA. The lower band is likely
to represent a Gfi-1B product translated from an internal AUG. (Ab) A 28-bp double-stranded oligonucleotide containing the putative Gfi-1B binding site of the
p21WAF1 promoter was 32P labeled and used as a probe in an EMSA. Lane 1 contains the oligonucleotide probe and reticulocyte lysate only (negative control). Comp,
oligonucleotide competition; Wt and Mut, wild-type and mutant oligonucleotide competitors, respectively. In lanes 3 and 4, the oligonucleotide competitors were added
at a 100-fold excess, whereas in lanes 5 and 6 they were added at a 200-fold excess. (B) The same double-stranded oligonucleotide probe used in panel A was incubated
with nuclear extracts from untreated (lanes 2 to 6) or IL-6-treated (lane 7) M1 cells. The major shifted band, indicated by an arrow, was competed by excess wild-type
oligonucleotide competitors comp (p21WAF1) derived from the p21WAF1 promoter, and the Comp (Sel.) band was derived via the oligonucleotide selection experiment
(lanes 3 and 5). Nonbinding mutants of the same oligonucleotides did not compete (lanes 4 and 6).
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relationships between these three transcription factors that are
sequentially involved in regulating myeloid cell differentiation.

The regulation of the cyclin-dependent kinase inhibitor
p21WAF1 has been the subject of intense study. Earlier studies
had shown that it is induced by the tumor suppressor gene p53
(12) and that the induction of p21WAF1 by p53 may be sufficient
to explain at least some of the p53-elicited biological effects.
However, subsequent studies showed that p21WAF1 may also
be induced by p53-independent mechanisms (11, 27, 28, 39).
Transcriptional regulators other than p53 that contribute to
the induction of the p21WAF1 promoter include MyoD and the
adapter protein p300 (21, 44, 54), the receptor for vitamin D3
(36), the retinoic acid receptor (37), C/EBPa (58), STAT1 (8),
SP1 (5), SP3 (43), AP2 (64), homeobox protein Gax (55), and
BRCA1 (56). All the factors regulating p21WAF1 expression
known to date, however, do so by inducing the activation of its
promoter. The data in this report identify Gfi-1B as a repressor
of this promoter, the only such repressor yet known, and dem-
onstrate that p21WAF1 expression is regulated by both positive
and negative regulators of transcription. The expression of
p21WAF1 therefore may depend on the balance between tran-
scriptional inducers and repressors. Since p53 is one of the
main inducers of p21WAF1, Gfi-1B is likely to compete with
p53-elicited biological effects such as cell cycle arrest and ap-
optosis. The data presented in this report showed that Gfi-1B
indeed promotes cell cycle progression and therefore support
this hypothesis. We therefore suggest that mutations that in-
activate the p53 gene, which indeed are the most commonly
observed mutations in human cancer (7), and mutations that
induce the expression or enhance the activity of Gfi-1B and
perhaps Gfi-1 may exert overlapping biological effects and may
act synergistically in oncogenesis.

The preceding data showed that Gfi-1B is involved in my-
elomonocytic cell differentiation. However, the findings show-
ing that Gfi-1B is a direct repressor of p21WAF1 and a potential
competitor of p53 suggested that Gfi-1B may also play a role in
oncogenesis. This was confirmed recently by experiments show-
ing that Gfi-1B like Gfi-1 is also a target for provirus integra-
tion in retrovirus-induced rodent lymphomas. Specifically, Gfi-
1B was shown to be involved in Mo-MuLV-induced B-cell
lymphomas in Em-myc transgenic, pim-1/pim-2 knockout mice
(39a). Gfi-1B involvement appears to be specific for these tu-
mors because analysis of 217 DNA samples from 105 Mo-
MuLV-induced rat T-cell lymphomas revealed no Gfi-1B in-
volvement (data not shown). The reason for this specificity is
that Gfi-1B, like Gfi-1, may cooperate with c-myc (42, 47),
although perhaps only in the absence of pim activity.

In summary, the data in this report showed that Gfi-1B, the
second known member of the Gfi-1 family of zinc finger pro-
teins, is also a SNAG-domain-containing transcriptional re-
pressor. The Gfi-1B repressor is involved in regulating the
process of hematopoietic cell differentiation. In addition, it is
involved in lymphoid cell oncogenesis. The differentiation con-
trolling function and perhaps the oncogenic function of Gfi-1B
may depend at least partially on the ability of the protein to
repress the expression of the cyclin-dependent kinase inhibitor
p21WAF1. Although the expression of p21WAF1 can be induced
by a multitude of transcriptional activators (5, 8, 21, 36, 37,
43, 44, 54–56, 58, 64), Gfi-1B appears to be its only repressor
known to date.
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