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Evidence for the Involvement of GM-CSF and 
FMS in the Deletion (5q) in Myeloid Disorders 

By in situ chromosomal hybridization, the GM-CSP and PMS genes were localized to 
human chromosome 5 at bands q23 to q31, and at band 5q33, respectively. These 
genes encode proteins involved in the regulation of hematopoiesis, and are located 
within a chromosome region frequently deleted in patients with neoplastic myeloid 
disorders. Both genes were deleted in the 5q- chromosome from bone marrow cells of 
two patients with refractory anemia and a de1(5)(q15q33.3). The GM-CSP gene alone 
was deleted in a third patient with acute nonlymphocytic leukemia (ANLL) who has a 
smaller deletion, de1(5)(q22q33.1). Leukemia cells from a fourth patient who has 
ANLL and does not have a del(5q), but who has a rearranged chromosome 5 that is 
missing bands q3 1.3 to q33.1 [ins(21;5)(q22;q31.3q33.1)] were used to sublocalize 
these genes; both genes were present on the rearranged chromosome 5. Thus, the 
deletion of one or both of these genes may be important in the pathogenesis of 
myelodysplastic syndromes or of ANLL. 

C OMNY-STLMULATING FACTORS 

(CSF's) are required for the growth 
and maturation of myeloid progeni- 

tor cells in vitro (1,2). The CSF's are classified 
according to their cell specificity; hematopoi- 
etic progenitor cells respond to CSF's by 
producing different types of mature blood 
cells. For example, in the murine system, 
multi-CSF (IL-3) stimulates the progenitor 
cells of most of the hematopoietic cell lineages 

sion library prepared from messenger RNA 
(mRNA) (8). The purified recombinant GM- 
CSF has all  of the biological properties attrib- 
uted to natural GM-CSF (9). More recently, 
genornic sequences encoding human GM- 
CSF have been cloned (10). CSF's exert their 
effects on hematopoietic cells via specific re- 
ceptors. At present, the cellular receptors spe- 
cific for CSF's have not been isolated; howev- 

(3), whereas GM-CSF si&ulates the prok M, M. Le Beau, C A. Westbrook, M. 0 D i z ,  R. A. 
eration of cells from the graIlLd0cvte. g-ranulo- Larson. T. D. Rowlev. Joint Section of HematolowlOn- u J , u  

,-+=/macrophage, and macrophage heages cology(~epament  g f~ed ic ine ,  University of CLicago, 
Chicago, IL 60637. 

(4). M-CSF (CSF-1) (5) and G-CSF (6) J. C, Gasson and D. W. Golde, Division of Hematolo- 
committed to the gyIOncology, School of Medicine, University of Califor- 

nia, Los Angeles 90024. 
macrophage and grandOve lineages, respec- C. J. Sherr, Department ofTumor Cell Biolo , St. Jude 
tively. Human GM-CSF has been puntied Children's Research Hospital, Memphis, T$~Io~. 

fro& medium conditioned by a ~ - l $ n ~ h o -  
line (q, and DNA *To whom correspondence should be addressed at Box 

(cDNA) clones were isolated from an expres- 420. 
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er, the proto-oncogene FMS encodes a pro- 
tein that appears to be related or identical to 
the receptor for CSF- 1 (1 1). 

Because GM-CSF plays an important role 
in the differentiation and proliferation of 
white blood cells, the gene encoding this 
protein may be involved in the nonrandom 
chromosomal abnormalities associated with 
neoplastic hematologic disorders. To deter- 
mine the chromosomal localization of the 
GM-CSF gene, we performed in situ chro- 
mosomal hybridization to normal human 
metaphase cells with the probe pCH-5.2, 
which contains the entire human GM-CSF 
gene (1 0). This hybridization resulted in 
specific labeling only of chromosome 5. Of 
100 metaphase cells examined, 20 were la- 
beled on region q2 or q3, specifically at 
bands q23 to q32 of one or both chromo- 
somes 5 (Fig. 1, left). This labeling was 
significant as determined by X 2  analysis 
(P < 0.0005). A total of 32 grains were 
observed on this chromosome; of these, 21 
(66 percent) were clustered at bands 5q23 
to q32 and represented 15 percent (211140) 
of all labeled sites. This localization is very 
similar to that obtained independently by 
Huebner et al. with the same probe (10). 

Another gene, the proto-oncogene FMS, 

GM-CSF FMS 

Fig. 1. Distribution of labeled sites on chromo- 
some 5 in normal metaphase cells that were 
hybridized to GM-CSF or to FMS probes. Hu- 
man metaphase cells prepared from phytohemag- 
glutinin-stimulated peripheral blood lymphocytes 
were hybridized with the 3H-labeled FMS- and 
GM-CSF-specific probes. For the in situ hybrid- 
izations, we used a 3.0-kilobase (kb) Eco RI 
fragment containing 5' sequences of the human 
FMS gene (16) cloned in pUC9; for the GM-CSF 
probe (pCH-5.2), a 5.2-kb Hind I11 fragment of 
genomic DNA containing three exons of the GM- 
CSF gene cloned in pBR322 was used (10). 
Radiolabeled probes were prepared by nick trans- 
lation of the plasmid DNA's with tritiated deox- 
ynucleoside triphosphates to specific activities of 
9.0 x 10' dpmikg (GM-CSF) and 2.0 x lo8 
d p d p g  (FMS). Hybridization was performed as 
described previously (25). Metaphase cells were 
hybridized at 20 and 4 ng of probe per milliliter 
(GM-CSF) and at 4 and 2 ng of probe per 
milliliter (FMS) of hybridization mixture. 

had previously been localized to this same 
region of chromosome 5, namely to band 
q34 (12). The retroviral oncogene v-Jins 
(McDonough strain of feline sarcoma virus) 
encodes a glycoprotein with an associated 
tyrosine-specific protein kinase activity 
whose transport to the cell membrane is 
required for malignant transformation (13). 
The product of the feline FMS proto-onco- 
gene is also a transmembrane glycoprotein 
with associated tyrosine kinase activity (14), 
whose expression in adult cats appears to be 
limited to cells of the monocyte-macrophage 
lineage (11). As expected, FMS mRNA is 
present at high levels in human peripheral 
blood monocytes (15). FMS encodes a pro- 
tein that is related and possibly identical to 
the receptor for CSF- 1 (1 1 ) . Thus, the FMS 
product appears to play an integral role in 
proliferation and differentiation of cells of 
the mononuclear phagocytic lineage. 

The FMS locus is included within the 
region of chromosome 5 that is deleted in 
bone marrow cells from three patients with 
the refractory anemia 5q- syndrome (16); 
the distal breakpoint in each patient was 
thought to be proximal to the previously 
mapped location at 5q34 (12). To clarify the 
sublocalization of FMS on human chrom- 
somes, we performed in situ chromosomal 
hybridization of an FMS-specific probe to 
normal human metaphase cells. In this case, 
also, we noted specific labeling only of 
chromosome 5. Of 100 metaphase cells, 31 
were labeled on region q2 or q3 (bands q22 
to q35) of one or both chromosome 5 
homolopes (Fig. 1, right; P < 0.0005). 
Clusters of grains were noted at two re- 
gions; the larger cluster, observed at bands 
q31 to q33, represented 15.3 percent 
(231150) of all labeled sites. A smaller clus- 
ter of grains was noted at band q35, repre- 
senting 4.7 percent (71150) of all labeled 
sites. Thus, FMS is located at bands 5q31 to 
q33. 

Loss of a whole chromosome 5 or loss of 
a part of the long arm of chromosome 5 
[deletion (5q)l has been observed in the 
malignant cells of patients with acute non- 
lymphocytic leukemia (ANLL) arising ei- 
ther de novo (ANLL-de novo) or second- 
ary to cytotoxic therapy for a previous ma- 
lignant disease (t-ANLL) (1 7). The relative- 
ly high frequency of loss of chromosome 5 
or del(5q) in patients with t-ANLL, and the 
relative absence of these abnormalities in the 
leukemic cells of patients with ANLL-de 
novo who are under the age of 30, has led to 
the suggestion that these abnormalities may 
be a marker of mutagen-induced leukemia 
(1 8-20). 

A distinct clinical, morphological, and 
cytogenetic syndrome associated with a de- 
letion of 5q (bands q13 to q33) is also seen 

in older patients, especially in females (21). 
Morphologically, this 5q - syndrome is 
characterized by refractory anemia, the pres- 
ence in the bone marrow of abnormal mega- 
karyocytes with mono- or bilobulated nu- 
clei, and normal or elevated platelet counts. 
Patients who have only a del(5q) tend to 
have a relatively mild clinical course that 
usually does not progress to acute leukemia, 
whereas in patients with leukemia, the 
del(5q) is usually accompanied by additional 
chromosomal abnormalities. 

The chromosome 5 deletions observed in 
patients with the 5q- syndrome, ANLL-de 
novo, and t-ANLL appear to be relatively 
similar; there is a proximal breakpoint com- 
monly in q13 to q15 and a distal breakpoint 
within region q3, at bands q31 to q35 (19- 
21). In a series of 50 patients [all of whom 
had a del(5q)l with t-ANLL, ANLL-de 
novo, or a myelodysplastic syndrome 
(MDS), 25 patients appeared to have a 
deletion of all of q33, suggesting a break in 
5q33.3 (19,22). Breakpoints in 5q3 1-32 or 

Patlent GM-CSF FMS 

Fig. 2. Distribution of labeled sites on the normal 
chromosome 5 and on the rearranged homo- 
lopes  in metaphase cells from patients 1,2, and 3 
with a del(5q) and from patient 4 with an 
ins(21;5) that were hybridized with GM-CSF or 
FMS probes. The arrows to the right of the 
normal chromosome 5 (far left) illustrate the 
breakpoints and the segment that is deleted in 
each patient. The arrows on the 5q- chromo- 
somes identify the breakpoint junctions. 
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Table 1. Hybridization of  GM-CSF- and FMS-specific probes t o  metaphase cells from bone marrow of  three patients with a del(5q) and from one  patient 
with an ins(21;5). For  each probe, 100 cells were analyzed from patients 2 t o  4; for patient 1,82 cells were examined with GM-CSF and 62 cells with FMS. 

- - - - -- - -- - 

GM-CSF-labeled sites (%) FMS-labeled sites (%) 
Total 

number Normal chromosome 5 Total 
5q- Normal chromosome 5 

Patlent of  
5q- 

labeled Bands Bands 
of  Bands Bands 

Total q23 t o  Total q23 to labeled sites Total q31 t o  Total q31 t o  
Ql33 q33 q35 q35 

sltes 

S X 2  value corresponds to P < 0.0005. The X 2  analysis tests the hy thesis that labeling is random over the entire genome. In all other cases, XZ values corresponded to P > 0.05. 
+Bands q15 to q33.3 are deleted. *Bands q22 to q33.1 are g t e d .  $Bands q31.3, q32, and q33.1 were inserted into the long arm of chromosome 21. 

in 5q34-35 were observed in 15 and in 10 
patients, respectively. The single most com- 
mon deletion extended from 5q13 to 5q33. 
In three other reports describing del(5q), 
5q33 was the most common breakpoint 
(20). We showed in 1 7  patients with a 
del(5q) and t-MDS or t-ANLL that, al- 
though the breakpoints were somewhat 
variable, one segment of 5q was consistently 
lost in all patients. This segment, called the 
critical region, includes bands q23 to q32 
(19), the site of GM-CSF. Thus, it is likely 
that the loss of genes located within this 
critical region is important in the pathogen- 
esis of these hematologic disorders. 

In hybridizations of the GM-CSF probe 
to metaphases from bone marrow cells of 
patients 1 and 2 [who have the 5q- syn- 
drome; de1(5)(q15q33.3)], and patient 3 
[who has t-ANLL characterized by 
de1(5)(q22q33)], specific labeling was ob- 
served on the normal chromosome 5, but 
not on the rearranged homologue (Fig. 2, 
left, and Table 1). Thus, the GM-CSF locus 
was deleted in these patients as a result of an 
interstitial deletion of 5q. These findings 
contrast with those observed in the hybrid- 
ization of the GM-CSF probe to metaphase 
cells from patient 4 who has ANLL-de 
novo and a rearranged chromosome 5 re- 
sulting from an insertion rather than a dele- 
tion [ins(21;5)(q22;q31.3q33.1)]. Meta- 
phase cells from this patient are particularly 
useful for the sublocalization of GM-CSF 
and FMS, since the ins(21;5) results in a 
rearranged chromosome 5 that is missing 
band q32 as well as a small part of the 
adjacent bands. Here, clusters of grains were 
found on the long arm on both the normal 
chromosome 5 and on the rearranged ho- 
mologue. The rearranged chromosome 21, 
containing bands 5q32 along with distal 
5q31 and proximal 5q33, was not labeled 
significantly (P > 0.8). 

In each of the hybridizations of GM-CSF 
described above, the cluster of grains on the 
normal chromosome 5 extended from bands 
5q23 to q33; however, the majority of 

labeled sites were noted on 5q23 and q31. 
Therefore, we would expect the GM-CSF 
locus to be within the deleted segment in 
patients who have an interstitial deletion of 
Lhromosome 5 for which the distal break- 
point is in 5q33. The presence of this gene 
on the rearranged chromosome 5 from pa- 
tient 4, which is missing band q32 and the 
proximal portion of q33, strongly suggests 
that GM-CSF is located either in band 5q23 
or in q31. 

FMS was located within the deleted seg- 
ment in patients 1 and 2, in whom the distal 
breakpoint occurred in band q33.3 (the 
distal portion of q33), whereas this gene 
was present in the del(5q) chromosome in 
patient 3, and in the rearranged chromo- 
some 5 in patient 4, whose distal break- 
points were proximal to 5q33.2 or 5q33.3 
(Fig. 2, right, and Table 1). This result 
indicates that FMS is located in band 5q33.2 
or q33.3, rather than in 5q34-35 as de- 
scribed previously (12). 

Our results and those of previous studies 
(16) have demonstrated that GM-CSF and 
FMS are included in the segment that is 
deleted from chromosome < in the 5q- 
syndrome and in ANLL. Thus, these genes, 
which code for proteins involved in hemato- 
poiesis, may play some role in the pathogen- 
esis of these disorders. The extent of the 
chromosomal deletions observed in the 5s  - 
syndrome and in acute leukemia appears to 
be similar, with a proximal breakpoint in 
bands q13 to q15 and a distal breakpoint in 
band q33. However, in several patients with 
refractory anemia, ANLL-de novo, or t- 
ANLL (including patient 3), we have ob- 
served a distal breakpoint in band q31, q32, 
or q33.1, suggesting that the FMS locus in 
q33 is preserved in these leukemic cells. 

The relative variability of the breakpoints 
noted in the deletion of chromosome 5 
suggests that the loss of a critical DNA 
sequence may be essential for malignant 
transformation rather than the consistent 
juxtaposition of two genes as in the case of 
c-abl and bcr in chronic myelogenous leuke- 

mia (23). The identification of a critical 
\ r 

region (a chromosomal segment that is de- 
leted in all patients with this rearrangement) 
further supports this hypothesis. The gene- 
dosage effect of a deletion of a GM-CSF or 
FMS allele may be sufficient to result in a 
reduction in &e concentration of the gene 
products. However, this effect is not inevita- 
ble in that these genes may be regulated in 
such a way as to maintain a constant product 
output, irrespective of their dosage. A more 
likely outcome of a deletion would be the 
loss of a wild-type gene, thereby allowing 
the expression of a recessive mutant allele on 
the homologous chromosome. A similar 
mechanism has been proposed for the 
pathogenesis of retinoblastoma and Wilms' 
tumor (24). 

For hematologic disorders associated with 
a del(5q), GM-CSF and FMS are appropri- 
ate candidates for genes whose altered func- 
tion may result in abnormal hematopoiesis. 
  ow ever, because some patients appear to 
have a distal breakpoint at q31 to q33.1, 
apparently leaving the FMS locus intact, 
W-CSF and FMS may have different roles 
in these disorders. Moreover, we cannot 
exclude the possibility of involvement of an 
additional gene or genes coding for other 
CSF's (or their receptors) that may be clus- 
tered on 5q, along with other genes of 
unrelated functions. Detailed molecular 
characterization of the GM-CSF and FMS 
loci and their encoded products in patients 
with these disorders is warranted. 
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Selectivity of the Parkinsonian Neurotoxin MPTP: 
Toxic Metabolite MPP+ Binds to Neuromelanin 

Methylphenyltetrahydropyridine (MPTP) selectively destroys neuronal cell bodies in 
the melanin-containing substantia nigra of humans and other primates. We show that 
methylphenylpyridine (MPP'), an active metabolite of MPTP which is accumulated 
intraneuronally by the catecholamine uptake system, binds with high afhi ty  to 
melanin and neuromelanin. MPP' bound intracellularly to neuromelanin may be 
released gradually, resulting in subsequent damage to the neurons of the substantia 
nigra. 

M ETHYLPHENYLTETRAHYDROPYRI - 
dine (MPTP), a by-product in the 
synthesis of certain illicit opiates, 

selectively destroys dopamine neurons of the 
substantia nigra and produces parkinsonism 
in human subjects (1, 2) and parkinsonian 
symptoms in animals (3, 4). The selective 
destruction of these neurons by MPTP ap- 
pears to depend on several factors. MPTP 
initially binds with high affinity to the en- 
zyme monoamine oxidase (type B) (5-9). 
The conversion by monoamine oxidase of 
MPTP to methylphenylpyridine (MPP') is 
required for neurotoxicity, since prior treat- 
ment of animals with monoamine oxidase 
inhibitors prevents MPTP neurotoxicity 
(LO, 11). The initial selectivity of MPP' for 
catecholamine neurons appears attributable 
to the high affinity of MPP', but not 
MPTP, for the catecholamine uptake sys- 
tem. Accordingly, catecholamine neurons 
can concentrate MPP' to levels many times 
greater than the surrounding extracellular 
fluid (12). 

Several features of MPTP toxicity remain 
difficult to explain. There are marked species 
differences in susceptibility to MPTP neuro- 
toxicity. In humans and monkeys, there is an 

Table 1. Equilibrium constants for MPP+ and 
MPTP binding to melanin. Binding constants 
were calculated by computer fit 31 . Saturation 1 )  analysis was performed for [ H]MPP+ and 
[3H]MPTP binding to various melanin prepara- 
tions using 14 concentrations of ligand as de- 
scribed in (32). Values reported are the means k 
standard error of four independent determina- 
tions. DA, dopamine; NE, norepinephrine. 

KD Bmax 

(nM) 
(nmol/mg 
melanin) 

extensive loss of neurons in the substantia 
nigra at very low doses of MPTP, while in 
rodents, even at higher doses, there are no 
permanent deficits. In mice depletion of 
striatal dopamine can be produced by high 
doses of MPTP, but neuronal cell bodies are 
not destroyed (13, 14). Monkeys and hu- 
mans have a high content of neuromelanin 
in the substantia nigra while little or no 
neuromelanin exists in the substantia nigra 
of rodents. Furthermore, the susceptibility 
of monkeys to MPTP appears to increase 
with age (15) corresponding to the age- 
related increase of neuromelanin in their 
substantia nigra. Lyden e t  al. (16) described 
binding of MPTP to synthetic melanin, but 
only low a f i i ty  interactions were observed. 
We now report high aftinity binding of 
MPP', the active metabolite of MPTP, to 
synthetic melanin and neuromelanin which 
can explain important aspects of MPTP 
neurotoxicity. 

Melanin can arise by the autoxidation and 
polymerization of tyrosine, dihydroxyphen- 
ylalanine (dopa), doparnine, or norepineph- 
rine. In skin, the synthesis of melanin is 
catalyzed by the enzyme tyrosinase, while in 
the brain it is not clear whether the forma- 
tion of neuromelanin is enzymatic or nonen- 
zymatic. Das e t  al. (1 7 )  showed that neuro- 
melanin of the substantia nigra is similar to 
the type formed by dopamine autoxidation. 
Initially we examined ligand binding to syn- 
thetic melanin that was synthesized from 
dopamine or norepinephrhe by autoxida- 
tion to model neuromelanin of the substan- 
tia nigra or locus coeruleus, respectively 
(18). [ 3 ~ ] ~ ~ ~ +  bound with high affinity 
to dopamine melanin (Fig. 1). Scatchard 
analysis of equilibrium-saturation data re- 

L-T1]"1'1' 

DA Melanin 28.0 r 4.0 1.00 + 0.17 
NE Melanin 32.0 r 3.1 0.49 2 0.08% 

[ 3 ~ ] ~ ~ ~ ~  
DA Melanin 39.0 +. 5.3 0.27 2 0.06 
NE Melanin 37.0 2 3.2 0.03 2 0.001t 
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'Differs from DA melanin value, P < 0.05. tDiffers 
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tween groups was used. be addressed. 

28 FEBRUARY 1986 REPORTS 987 




