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One of the most frequent cytogenetic abnormalities in human leukemia and myelodysplasia
is an interstitial deletion within chromosome 5q. A tumor suppressor gene has been
hypothesized to lie in 531, the smallest commonly deleted region. /RF-1, a gene whose
product manifests anti-oncogenic activity, was mapped to 5q31.1. /RF-1 lies between IL-5
and CDC25C and is centromeric to /L-3and GM-CSF. Among these genes, only IRF-1was
consistently deleted at one or both alleles in 13 cases of leukemia or myelodysplasia with
aberrations of 5g31. Inactivating rearrangements of one /RF-1 allele, accompanied by
deletion of the second allele, were also identified in one case of acute leukemia. Thus,
IRF-1 may be a critically deleted gene in human leukemia and myelodysplasia.

An interstitial deletion within the long arm
of chromosome 5 [del(5q) or “5q—"] or loss
of a whole chromosome 5 are among the
most frequent cytogenetic abnormalities in
human leukemia and the preleukemic mye-
lodysplastic syndromes (MDS). Del(5q), ini-
tially described as the hallmark of a unique
type of MDS with refractory anemia (the
“5q— syndrome”) (I), is now known to
occur in 30% of patients with MDS, in 50%
of patients with acute myelogenous leukemia
(AML) arising secondary to MDS or prior
chemotherapy, in 15% of de novo AMLs,
and in 2% of de novo acute lymphocytic
leukemias (ALL) (2—4). Although the prox-
imal and distal breakpoints of the del(5q)
vary from patient to patient, the smallest
commonly deleted segment is band 5q31 (5,
6); rare de novo AMLs with translocations
of 5q31 have also been described (3). Thus,
a tumor suppressor gene has been hypothe-
sized to lie in the 5931 region.

We have now mapped the gene encod-
ing interferon regulatory factor-1 (IRF-1) to
chromosome 5q31.1 (7) (Fig. 1A). This
protein, which functions as a transcription-
al activator of IFNa, IFNB, and other
IFN-inducible genes (8), has recently been
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shown to possess growth inhibitory and
anti-oncogenic activities (9-11). The
IRF-1 gene is itself IFN-inducible and may
thus be one of the critical target genes
mediating IFN action (8). To map IRF-1
relative to other genes in this region, in-
cluding the cytokine genes IL-3, IL-4, IL-5,
GM-CSF (5, 12), and the mitotic inducer
CDC25C (13), we created a physical map
by pulsed-field gel electrophoresis (PFGE)
(14). The IRF-1 gene was determined to be
approximately 200 kb telomeric to IL-5 and
100 kb centromeric to CDC25C; the IL-3
and GM-CSF genes were located at least
200 kb, but not more than 1600 kb, telo-
meric to this region (Fig. 1B).

With a full-length IRF-1 cDNA as probe
(15), we performed Southern blot and
quantitative slot-blot analyses on DNA
samples from 11 patients with the types of
leukemia and MDS commonly associated
with del(5q), from two patients with de
novo AML who had translocations involv-
ing 5931, and from four control individuals
(Table 1). To provide an internal standard

Fig. 1. (A) Computer-assisted flu-
orescence microscopic analysis
of chromosome 5 from a normal
metaphase hybridized with an
IRF-1 probe (red) and a unique
genomic probe complementary to
sequences at 5022 (green) (7).
The IRF-1 gene was mapped to
5031.1 by analyzing 15 hybrid-
ized metaphase samples and is
reported as a fractional location
relative to the short arm telomere B

of chromosome 5. (B) Physical Centromers
map of the 531 chromosome re-

IL-4

gion constructed by PFGE. Boxes -

against which to quantitate IRF-1 dele-
tions, we hybridized each filter with a
cDNA probe for the complement compo-
nent 9 gene (C9), which maps to 5pl13
(16), and determined the IRF-1:C9 hybrid-
ization ratio for each sample. Relative to
the controls, there was a substantial reduc-
tion in the IRF-1:C9 ratio in each case of
MDS and acute leukemia with del(5q) (Ta-
ble 1). The magnitude of the reduction
corresponded closely with the percentage of
leukemic blasts in each sample and with the
cytogenetic frequency of cells with del(5q).
Unexpectedly, a substantial reduction in
the IRF-1:C9 ratio was also seen in sample
10, a patient with de novo ALL who had no
microscopically detectable del(5q) at dis-
ease presentation. A reduced ratio was also
seen in each case of de novo AML with a
translocation involving 5q31 (samples 12
and 13), indicating that DNA encompass-
ing the IRF-1 locus is lost from transloca-
tions that appeared to be balanced at the
microscopic level of resolution (3).

To determine the extent of the del(5q)
in each sample, we also performed South-
ern blot and quantitative slot-blot analyses
with probes for IL-4, IL-5, CDC25C, and
GM-CSF. Comparison of the extent of the
deletion in each sample indicated that
IRF-1 was the only gene to be consistently
deleted (17) (Table 1). On Southern anal-
ysis, structural rearrangements of IRF-I
were also observed in sample 10 (Fig. 2); in
contrast, no rearrangements were observed
in the IL-4, IL-5, CDC25C, and GM-CSF
genes in any sample. The deletion of sev-
eral IRF-1 restriction fragments and the
appearance of novel rearranged bands in
the Bgl II, Hind III, and Bam HI digests
(Fig. 2B) were consistent with the presence
of a deletion involving the 5’ proximal
region of the IRF-1 gene in the majority of
cells in sample 10; the predominant break-
point lies ~0.4 kb upstream of the Bgl II
site in intron 1 (Fig. 2A). To localize this
breakpoint, we used a modification of the
polymerase chain reaction (PCR) to amplify

Telomere

IL-5 IRF-1 CDC25C
- -

IL-3/GM-CSF
. -

represent coding exons of /L-4, e
IL-5, IRF-1, CDC25C, IL-3, and

s M N MSN Nr Nr
100 kb

GM-CSF. Restriction enzymes used for mapping: M, Mlu I; N, Not I; Nr, Nru |; and S, Sfi I.
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Table 1. Cytogenetic, molecular, and FISH analyses of 531 deletions and translocations in leukemia and myelodysplasia.

Hybridization ratios relative to C9

Leukemic .
Sample ) N control§ FISH analysis
number Disease Karyotypet b(l;;lﬁs of IRF-1|
> IL-4 IL-5 |IRF-1 CDC25C GM-CSF
Myelodysplasias
1 RA 46,XX,del(5)(q13933)[10]/46,XX[2] ND 0.63 0.36 0.76 1.2 2(66.7)
1(23.9)
0(9.4)
2 MDS 46,XY,del(5)(q13933)[3]/46,XY[22] ND ND 0.62 ND ND 2(71.9)
1(23.6)
0(4.5)

3 RA 45,XX,del(5)(q13g35),—6,+i(6p), 0.66 0.66 0.68 0.91 1.3 2(46.0)
del(7)(g22g22),—-10,—-12, 1(48.3)
+der(12)t(12;?)(p13;7?)[4]/46,XX[14] 0(5.7)

4 MDS 52,X,-Y,+1,del(5)(q13933),+8,+9, ND ND 0.56 ND ND ND
+11,i(14q),+18,+19,+22[15]

Secondary leukemias
5 RAEB — AML 40-46,XX,del(5)(q13933), 59 0.32 0.60 0.58 0.42 0.65 2(8.2)
-11,+13,+16,—18,-22[20] 1(84.5)
0(7.3)
6 RAEB — AML 46,XX,del(5)(q15033)[25] 60 0.55 0.62 0.58 0.60 0.78 2(14.5)
1(78.1)
0(7.4)
De novo acute leukemias

7 AML 44 XX,del(5)(q11.2933),del(7)(q11.2), 80 0.43 0.47 0.35 0.55 0.95 2(2.7)
—8,—10,+der(10)t(10;11)(g22;q13),

—11,+der(11),4(11:2)(q13;?),— 13, 1(86.3)
+der(13)t(13;7)(9372;7),—16[17]/ 0(11.0)
44,idem,del(6)(9?15;9723)[3]

8 AML 45X,—X,der(4)t(4;?)(p16;7?), 80 0.46 054 0.35 0.91 0.82 2(1.2)
del(5)(q13g33),del(8)(g21.3924.2), 1(84.7)
del(9)(q12932),del(17)(p11.2),dmins 0(14.1)

9 AML 46,XY,del(3)(g2?7592?7),del(5)(g272931), ~ 90 0.34 0.62 0.45 0.62 0.47 ND
del(7)(q11.2),—12,+der(12)t(12;?)

(p12;?)/45,idem,—7
10 ALL: presentation 46,XX,t(4;11)(921;923),i(7q)[17]/46,XX[3] 75 0.93 094 055 0.91 1.08 2(55.9)
1(25.7)
0(18.4)

10 ALL: relapse 46,XX,t(4;11)(921;923),del(5)(q15035), ND ND ND ND ND ND ND
i(79)[3]/46,XX[18]

11 AML: presentation 46,XY,1(8;21)(g22;022) 95 0.94 110 1.00 1.08 ND ND

11 AML: relapse 46,XY t(2;6)(p23;925),del(5)(q31g35), 40 1.10 120 0.81 0.66 1.12 2(67.8)
t(8;21)(922;922)[13]/46,idem, 1(25.7)
t(13;18)(q14,923)[3] 0(6.5)

12 AML 46,XY,t(5;13)(g31;q14),—7,del(15) 95 0.53 0.54 0.46 0.52 1.08 2(2.5)
(921g26),+21[18]/46,XY[2] 1(87.7)

0(9.8)

13 AML 46,XX,t(5;6)(g31;921) 70 0.94 094 0.72 1.07 0.91 2(2.5)

1(77.3)
0(20.2)
Selected controls
Hematopoietic neoplasms with 5 abnormalities other than 5931
14 MDS/CMMoL 46,XY,t(5;12)(q33;p13),del(7)(a22q32)[20] ND ND 1.02 ND ND 2(84.6)
1(15.0)
0(0.4)
15 Lymphoma 46,XX,t(2;5)(p23;935) 1.02 1.05 1.06 1.08 1.30 2(88.2)
1(9.0)
0(2.8)
Normal tissues
16 Blood 46,XY 1.30 1.14 1.03 1.04 1.04 2(89.7)
(cryopreserved)
1(8.1)
0(2.2)
17 Bone marrow 46,XX ND ND 092 ND ND 2(88.0)
(cryopreserved) 1(8.0)
0(4.0)

*Abbreviations: MDS, myelodysplasia; RA, refractory anemia; RAEB — AML, refractory anemia with excess blasts in transformation to acute myeloid leukemia (AML); ALL,
acute lymphoid leukemia; CMMoL, chronic myelomonocytic leukemia; ND, not determined. tRepresentative metaphase chromosome spreads were karyotyped
according to the International System for Human Cytogenetic Nomenclature (ISCN, 1991). The number of cells identified with each clonal abnormality is given in brackets;
idem, same as previous clone; dmins, double minutes. {Determined by morphological criteria. §Ratio of the hybridization signal intensity of each gene mapping to
5q31 relative to the signal obtained with the C9 control probe. Signal intensity was determined by laser scanning densitometry; each hybridization assay was performed in
triplicate. |lin each sample, 1000 cells were scored (7, 21) for the number of alleles, with the frequency (%) indicated in parentheses.
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(A) Exon map of the human
IRF-1 gene; positions of
the exons are indicated by
filled boxes. Restriction en- Ba
zyme sites: H, Hind IlI; Ba,
Bam HI; Bg, Bgl Il. (Ba)
indicates a polymorphic
Bam HI site. (B) Southern
blot analysis of genomic
DNA from normal nonleu-
kemic DNA (N) and patient
sample 10 (P). The same
filter was hybridized with a 19.3-
full-length JRF-1 cDNA 2=

62—
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probe (15), probe 1 (the .
1.0-kb Hind I-Bgl Il frag- A=
ment containing  IARF-1 3
exon 1), and probe 2 (the 15-
1.0-kb Bgl ll-Hind Il frag- 09—
ment containing /RF-1 B

exon 2). Arrowheads indi-
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cate deletions and novel bands appearing in the c l"o-‘”‘b'

leukemic DNA. The additional 2.8-kb Bam HI fragment (Hind 1IT)

in the panemt sample (left blot) n_asulted frqm a natu- Hind Bgll Hind Il
rally occurring Bam HI polymorphism (see Fig. 2A), for exon 1 exon 2
which the patient was heterozygous. Hybridization } 3t

with the /RF-1 cDNA probe and probe 1 revealed - b
IRF-1 structural rearrangements with each enzyme. primer 1 primer 2

With probe 2, no deletions or rearrangements were evident in the Bgl Il digest, implying that the
breakpoint must lie upstream of the Bgl Il restriction site in intron 1. (C) Map of the 1.9-kb Hind
IlI-Hind 11l region encompassing /RF-1 exons 1 and 2 and intron 1. The novel Hind Ill site in the
leukemic sample and resultant 0.4-kb Hind Il fragment are indicated above the map. The primers
and orientations used for inverse PCR are also indicated (18).

and sequence the IRF-1 gene in the region
encompassing exon 1 and intron 1 in both
normal and leukemia DNA from sample 10
(18). In addition to a 1.1-kb Hind III frag-
ment seen in normal DNA, the leukemic
DNA generated a 0.4-kb fragment (Fig.
2C). Sequencing of the two fragments re-
vealed that the leukemic DNA diverged
from the normal IRF-1 sequence ten nucle-
otides beyond the primer 1 sequence (18).
These results indicate that one allele of the
IRF-1 gene has likely been inactivated in the
majority of leukemic cells in sample 10 by a
deletion of the promoter region and exon 1.

To date, no mutations have been detect-
ed in the coding exons of the residual IRF-1
allele in any of the leukemia or MDS
samples, as monitored by ribonuclease pro-
tection analysis (19). Whether inactivating
mutations can occur in other regions of the
IRF-1 gene remains to be determined. In
addition, we have not detected abnormali-
ties in the IRF-2 gene, which encodes a
protein that represses IRF-1 (8), in any
patient sample (20).

To gain more insight into the nature of
the IRF-1 deletions in the leukemia and
MDS samples, we performed fluorescence
in situ chromosomal hybridization (FISH)
studies (7, 21). With the 19-kb IRF-1
genomic probe (9), we detected the loss of

970

one IRF-1 allele in a substantial proportion
(24% to 88%) of cells in each MDS and
leukemia sample with del(5q) or transloca-
tion 5q31; these observations were consis-
tent with the slot-blot analysis (Table 1).
The loss of one IRF-1 allele was confirmed
in the case of de novo ALL at presentation
(sample 10). In addition, several leukemia
and MDS samples (samples 1, 7, 8, 10, 12,
and 13) also appeared to have a substantial
proportion of cells (=10%) with no IRF-1
hybridization domain, suggesting that both
IRF-1 alleles may have been deleted in a
subpopulation of cells in these samples.
This possibility was further supported by
the results of dual-color FISH studies with
the IRF-1 and 5q22 genomic probes on
seven samples (including sample 10) in
which residual cells were available (7, 21).
Collectively, our results with sample 10
are particularly informative; in addition to
the structural rearrangements that inacti-
vated one IRF-1 allele (Fig. 2), the resid-
ual IRF-1 allele was deleted in a subpop-
ulation of blasts. Such cells may have
emerged at relapse when the del(5q) be-
came detectable at the microscopic level
of resolution (Table 1).

Our results suggest an unusual instability
of the 5q region. Deletion of one IRF-1
allele may be accompanied by the rear-
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rangement or deletion of the residual allele.
Thus, deletions or rearrangements, rather
than point mutations, may be more fre-
quent at this genetic locus in human leuke-
mia and MDS. In light of the recent obser-
vation that subtle changes in the IRF-
1:IRF-2 ratio perturb cell growth control
(10), we suggest that loss of a single IRF-1
allele may have biologic significance, anal-
ogous to the loss of the APC, NF-1, p53,
and WT-1 tumor suppressor genes (22). A
clone of cells that had lost only a single
IRF-1 allele would be expected to have a
slow capacity for expansion and would be a
target population for further genetic muta-
tions. Interestingly, these more indolent
biologic characteristics are observed clini-
cally in the majority of patients with the
preleukemic 5q— syndrome (3). Loss of an
additional IRF-1 allele and the acquisition
of mutations at other genetic loci may be.
critical steps for full leukemic transforma-
tion. Whether deletion of the IRF-1 gene is
solely responsible for the biological charac-
teristics of the del(5q) and the 5q— syn-
drome remains to be determined.
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Anti-Oncogenic and Oncogenic Potentials of
Interferon Regulatory Factors—1 and -2

Hisashi Harada,* Motoo Kitagawa,* Nobuyuki Tanaka,
Hitomi Yamamoto, Kenji Harada, Masahiko Ishihara,
Tadatsugu Taniguchi

Interferon regulatory factor—1 (IRF-1), a transcriptional activator, and IRF-2, its antagonistic
repressor, have been identified as regulators of type | interferon and interferon-inducible
genes. The IRF-1 gene is itself interferon-inducible and hence may be one of the target
genes critical for interferon action. When the IRF-2 gene was overexpressed in NIH 3T3
cells, the cells became transformed and displayed enhanced tumorigenicity in nude mice.
This transformed phenotype was reversed by concomitant overexpression of the IRF-1
gene. Thus, restrained cell growth depends on a balance between these two mutually

antagonistic transcription factors.

Interferons (IFNs) are a family of cytokines
that exhibit antiproliferative activity on
many normal and transformed cells and can
block growth factor—stimulated cell cycle
transitions (I). IFNs are induced by growth
factors, which suggests that they participate
in a feedback mechanism that regulates cell
growth (1). In previous studies, we identi-
fied two DNA binding factors that regulate
IFN gene expression, IRF-1 and IRF-2 (2-
5). These factors are structurally related,
particularly in the amino-terminal region,
which confers DNA binding specificity,
and they independently bind to a promoter
element shared by the IFN-a and IFN-B
genes as well as many IFN-inducible genes.
This promoter element has the consensus
sequence motif G(A)AAA(G or C)(T or
C)GAAA(G or C)(T or C) (5, 6). IRF-1
and IRF-2 are distantly related in structure
to two other DNA binding factors involved
in IFN signaling, ICSBP and ISGF3vy (3).

Gene transfection studies have demon-
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strated that IRF-1 functions as an activator
for IFN and IFN-inducible genes, whereas
IRF-2 represses the action of IRF-1 (5,
7-10). Expression of the IRF-1 gene itself is
IFN-inducible. The IRF-2 gene is also in-
duced in IFN-stimulated cells, but this in-
duction occurs only after induction of IRF-1
(5). In IFN-treated or virus-infected cells,
the IRF-2 protein is more stable than the
IRE-1 protein (half-lives of 8 hours and 30
min, respectively) (11). Thus, in growing
cells IRF-2 is more abundant than IRF-1,
but after stimulation by IFN or viruses the
amount of IRF-1 increases relative to IRF-2
(11). These observations suggest that a
transient decrease in the IRF-2:IRF-1 ratio
may be a critical event in the regulation of
cell growth by IFNs. Consistent with this
notion are the findings that IRF-1 manifests
antiproliferative properties both in vivo and
in vitro (4, 12).

We first quantified expression of IRF-1
and IRF-2 mRNAs in mouse NIH 3T3 cells
throughout the cell cycle. Cells were
growth-arrested by serum starvation for 24
hours (G, arrest) and were then induced to
transit the cell cycle by serum restoration
(13). A PHjthymidine uptake assay and
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