
REFERENCES AND NOTES 

1. V. M. Ingram, Nature 178, 792 (1956); ibid. 180, 
326 (1957). 

2. J. Kofrichter, P. D. Ross, W. A. Eaton, Proc. Natl. 
Acad. Sci. U.S .  A .  71,4864 (1974); B. C. Wishner, 
K. B. Ward, E. E. Lamnan, W. E. Love, J. Mot. 
Biol. 98, 179 (1975); R. H. Crepeau, G. Dykes, R. 
Garrell, S. J. Edelstein, Nature 274, 616 (1978); G. 
W. Dykes, R. H. Crepeau, S. J. Edelstein, J. Mol. 
Biol. 130, 451 (1979); E. A. Padlan and W. E. 
Love, J. Biol. Chem. 260, 8280 (1985); W. A. 
Eaton and J. Hofrichter, Blood 70, 1245 (1987). 

3. H .  F. Bunn and B. G. Forget, Hemoglobin: Molecular, 
Genetic, and Clinical Aspects (Saiiders, Philadelphia, 
1986). 

4. R. R. Behringer et at., Science 245, 971 (1989). 
5. Cosmids that contained HS I-V a or Hs I-V pS 

were constructed as described for HS I-V P (9). The 
human 0.1-globin gene is within a 3.8-kb Bgl 11-Eco 
RI fragment and the p-glob'i gene is within a 4.1- 
kb Hpa I-Xba I fragment. 

6. R. L. Brinster, H. Y. Chen, M. E. Trumbauer, M. 
K. Yagle, R. D. Palmiter, Proc. Natl. Acad. Sci. 
U.S .A.  82, 4438 (1985). 

7. L. C. Skow et at., Cell 34, 1043 (1983). 
8. T. M. Townes, H .  Y. Chen, J. B. Lingrel, R. D. 

Palmiter, R. L. Brinster, Mot. Cell. Biol. 5, 1977 
(1985); T. M. Ryan, R. R. Behringer, T. M. 
Townes, R. D. Palmiter, R. L. Brinster, Proc. Natl. 
Acad. Sci. U .S .A .  86, 37 (1989). 

9. T. M. Ryan et al., Genes Dev. 3, 314 (1989). 
10. Globin mRNA levels were quantitated by solution 

hybridization as described by T. M. Townes et al., 
EMBO J.  4, 1715 (1985). 

11. Accurate quantitation of Hb  S in mice of the 
"single" haplotype is difficult because of heterodimer 
formation (4) in IEF gels; the top band, ha2hp2, in 
Fig. 2 is contaminated with ha2mPz and the bottom 
band, ma2mP2 is contaminated with ma2hps2. The 
ratio of ha?hp2 to ma2mp2 may actually be in- 
creased in the Hb  SIP-thal mice but the change may 
be obscured by an increase in ma2hps2 in the 
bottom band. The p"01ypeptides are presumably 
in excess because there is five times more human ps- 
globii mRNA than mouse p-globin mRNA in the 
Hb  Sip-thal animals (see Fig. 3). However, direct 
measurement of pcglobin levels is difficult because 
human p%d mouse ping" polypeptides migrate at 
the same position on denaturing gels. 

12. Cells were suspended in saline buffered with 10 mM 
sodium phosphate (pH 7.4) and slowly (3 to 5 
mllmin) deoxygenated with nitrogen gas [K. Horiu- 
chi et al., Blood 71, 46 (1988); T. Asakura and J.  
Mayberry, J. Lab. Clitr. Med. 104, 987 (1984)l. 

13. For scanning electron microscopy deoxygenated 
RBCs were fked in 2% glutaraldehyde in cacodylate 
buffer, pH 7.2, for 5 days. The fixed cells were 
washed with cacodylate buffer and collected on a 
filter. The filter was floated in 2% osmium tetroxide 
for 10 min and dehydrated in a graded series of 
ethanol and dried with a Deuton Vacuum apparatus. 
The specimen was splattered with platinum palladi- 
um and examined with a Philips scanning electron 
microscope. For transmission electron microscopy, 
deoxygenated RBCs were fixed overnight in 2% 

glutaraldehyde in cacodylate buffer, pH 7.2, washed 
with cacodylate buffer and treated with 2% osmium 
tetroxide for 1 hour. The samples were dehydrated 
in a graded series of ethanol and embedded in Epon 
resin. Thin sections were cut with an LKB Ultro- 
tome I11 and examined with a Philips 300 electron 
microscope. 

14. In principle the ratio of Hb  S to mouse Hb can be 
increased by making the mice homozygous for the 
transgenes and homozygous for the p-thal mutation. 
One advantage of this transgenic line is that different 
ratios of Hb S to mouse Hb can be attained by the 
apprdpriate genetic crosses. However, it is possible 
that progeny with higher Hb S to mouse Hb ratios 
will not be viable because higher Hb S levels in early 
development may not be tolerated. 

15. The human a -  and Ps-globin oligonucleotides used 
in the primer extension analysis were as described 
(4). The mouse phl primer 5'-ATAGCTGCCXTC- 
TCCTCAGCT-3' corresponds to sequences from 
+67 to +87 of the mouse ph l  gene. 

16. J. B. Whitney 111, R. R. Cobb, R. A. Popp, T. W. 
O'Rourke, Proc. Natl. Acad. Sci. U.S .A.  82, 7646 
(1985). 

17. We thank N. Martin, J. Askins, and M. Avarbock for 
excellent technical assistance and J. Barker for pro- 
viding the Hbbd-""' p-thalassemic mice. Supported 
in part by grants HL-35559, HL43508, HD- 
09172, and HD-23657 from the National Institutes 
of Health. T.R. is a predoctoral trainee supported by 
National Institutes of Health grant T32 CA-09467. 

17 October 1989; accepted 1 December 1989 

Tumorigenicity in Human Melanoma Cell Lines 
Controlled by Introduction of Human Chromosome 6 

Chromosome banding analysis of human malignant melanoma has documented the 
nonrandom alteration of chromosome 6. T o  determine the relevance of chromosome 6 
abnormalities in melanoma, a normal chromosome 6 was directly introduced into 
melanoma cell lines. The resulting (+6) microcell hybrids were significantly altered in 
their phenotypic properties in culture and lost their ability to  form tumors in nude 
mice. The loss of the chromosome 6 from melanoma microcell hybrids resulted in the 
reversion to tumorigenicity of these cells in mice. The introduction of the selectable 
marker (psv2neo) alone into melanoma cell lines had no effect on  tumorigenicity. These 
results support the idea that one or  more genes on  chromosome 6 may control the 
malignant expression of human melanoma. 

ALIGNANT TRANSFORMATION IS 

envisioned as a multistep process 
(1) with recent studies highlight- 

ing the importance of tumor suppressor 
genes in the development of human cancers 
(2). Although evidence supporting the exis- 
tence of tumor suppressor genes (whose 
inactivation would release a cell from nor- 

mal growth control) is accumulating (3), to 
date, only two tumor suppressor genes (RB 
and p53) have been cloned (4). Evidence 
supporting the presence of tumor suppres- 
sor genes in human malignancies has pri- 
marily come from two lines of investigation: 
(i) the study of allelic loss [by restriction 
fragment length polymorphism (RFLP) 
analysis] and (ii) the study of somatic cell 
fusion experiments. The firmer experimen- 
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described for melanoma cell lines (7). In 
addition to reports of allelic loss, direct 
support for the presence of suppressor genes 
in cancer has resulted from the use of inter- 
specific (8) and, more recently, intraspecific 
human somatic cell hybrids (9).  Somatic cell 
hybridization involves the introduction of a 
complete genome from a normal cell into a 
cancer cell via cell fusion. In contrast, by 
microcell hybridization, the effect of intro- 
ducing a single human chromosome into a 
recipient cell can be studied (10). 

Our reason for selecting human chromo- 
some 6 for microcell hybridization relates to 
its frequent involvement in structural alter- 
ations in melanoma (1 1). The most frequent 
alteration of chromosome 6 in melanoma is 
simple deletion of the long arm (6q-) (II) ,  
although a nonreciprocal translocation site 
involving chromosome 6 (leading to loss of 
sequences on distal 6q) has been described 
(12). Almost 40% of melanomas exhibit loss 
of sequences on 6q (1 1, 12). We report here 
the introduction of a chromosome 6 derived 
from a normal human diploid fibroblast into 
melanoma cell lines. Our results suggest that 
one or more genes on chromosome 6 have a 
role in tumorigenic expression of human 
melanoma. 

A human-mouse microcell hybrid was 
generated that contained a single copy of 
chromosome 6 (derived from a normal hu- 
man diploid fibroblast) as its only human 
component (13). Retention of chromosome 
6 resulted from the insertion of the neomy- 
cin antibiotic resistance gene (psvzneo) into 
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this chromosome 6, and subsequent selec- 
tion of microcell hybrids with medium wn- 
mining the neomycin analog G418 (600 
p,g/ml). The chromosome 6-bearing hybrid 
(termed MCH-262AlD6) was then used to 
transfer chromosome 6 into two human 
melanoma cell lines (UACG903 and 
UACC-091) via microcell transfer. A sum- 
mary of characteristics of the parental and 
microcell cell lines is presented in Table 1. 

With the UACC-903 microcell hybrid, 
the introduction of chromosome 6 caused a 
dramatic change in cell morphology. Paren- 
tal cells grew quickly to confluence and 
formed foci even at low plating densities 
(Fig. 1A). In contrast, after the introduction 
of a chromosome 6, the resulting (+6) cell 
hybrids displayed a flattened stellate appear- 
ance and failed to produce foci even at high 
plating densities (Fig. 1B). Also, the cell 
generation time of the (+6) microcell hy- 
brid was significantly lengthened as com- 
pared to the parental cell line (4.6 versus 2.7 
days, respectively). The ability of parental 
and microcell dones to form colonies in soft 
agar was also examined. The soft agar clon- 
ing e5ciency was profoundly reduced in the 
(+6) microcell clone (Table 1). We then 
examined by immunohistochemistry the re- 
activity of a monoclonal antibody [HMB-45 

Fig. 1. Phase micrographs of monolayer cultures 
of the parental (A)  and (+6)  microcell hybrid (B) 
of the '1uman nielkoma cei line ~ ~ ~ ~ 1 9 0 3 .  (A) 
Cells of the parental melanoma line displayed a 
grape-like appearance and had the propensity to 
form foci even at low plating densities ( ~ 1 0 0 ) .  
( B )  In contrast, the (+6)  microcell hybrid dis- 
played a more differentiated appearance with dis- 
tinct nuclei and nucleoli and a flattened stellate 
morphology. Further, cells with the introduced 
chromosome 6 failed to form foci even at high 
plating densities ( x 100). 

(14)] specific for melanocytic tumors on 
parental and (+6) microcell hybrids. 
Whereas the parental UACG903 cell line 
stained very strongly for HMB-45, staining 
of the (+6) microcell hybrid for HMB-45 
was markedly reduced (Fig. 2). 

In v i m  morphology and HMB-45 stain- 
ing were also altered in two different (+6) 
microcell hybrids of the UACC-091 cell line 
when compared to the parental line. In 
vitro, cells from the (+6) microcell hybrid 
were significantly larger and more flattened 
in appearance than the parent cells. By 
HMB-45 staining, the parent displayed 
strongly positive staining, which was local- 
ized in d i i s e  globules in the cytoplasm. In 
contrast, the (+6) microcell hybrid of 
UACC-091 displayed only occasional stain- 
ing, which invariably was perinuclear, possi- 
bly associated with the Golgi apparatus. 
One of the two microcell hybrids showed a 
reduction in soft agar donogenicity, where- 
as both showed a lengthening of cell genera- 
tion time (Table l ) .  The dramatic decline in 

melanoma-associated antigen expression, to- 
gether with the finding of altered cell mor- 
phology and diminished agar clonogenicity 
of (+6) microcell hybrids, suggests that the 
introduction of a normal chromosome 6 
into these melanoma cell lines leads to a 
suppression of the in vitro-transformed 
phenotype. 

The introduction of a normal chromo- 
some 6 irk0 cells after microcell hybridiza- 
tion was documented by both cytogenetic 
analysis of microcell hybrids and examina- 
tion of RFLP allelic addition with polymor- 
phic DNA probes. By chromosome banding 
analysis (15), the UACC-091 parental cell 
line demonstrated a deletion of chromo- 
some 6 at band q16 [de1(6) (q16)], whereas 
the UACG903 cell line demonstrated two 
apparently normal chromosome 6's (Fig. 
3A). Results of chromosome banding analy- 
sis comparing the parental cell line with the 
(+6) microcell hybrids of both the UACG 
903 and UACG091 cell lines were consist- 
ent with the introduction of a complete 

Table 1. Properties of melanoma cell lines subsequent to introduction of human chromosome 6.  The 
parental UACG903 and UACG091 cell lines were obtained from the Arizona Cancer Center's Tissue 
Culture Core Service. The parental lines were both killed within 2 weeks with the selecting dose of 
G418 used to maintain the microcell hybrids (600 pglml). The introduction and origin of the 
introduced chromosome 6 was determined by a combination of cytogenetic analysis (to document the 
presence of an entire additional chromosome 6)  and RFLP analysis (using polymorphic probes for 
chromosome 6).  In cases where tumors arose after growth delay in vivo, the retention of the introduced 
chromosome 6 was tested directly on tumor cell DNA. Tumorigenicity was determined by the 
progressive growth after injection of 5 x lo6 to 1 x lo7 tumor cells per injection site in 4 to 6-week- 
old athymic nulnu mice. Soft agar cloning efficiency was calcualted as previously described (18) by 
suspending 1 x lo4 cells in 0.33% soft agar in a-minirnum essential medium and counting colonies of 
>SO pm at 21 days. The cell generation time was calculated with the mathematical technique of 
Leibovitz and Mazur (19): n = 3.32 (log N - log Xo), where n is the number of generations, N is the fi- 
nal population, and & is the initial population. The monoclonal antibody HMB-45, which is specific 
for melanocytic tumors (14), was used to evaluate the immunocytochemistry of melanoma cell lines. 
Reactivity to HMB-45 was quantitated as uniformly positive [ S O %  of all tumor cells positive (+++)I  
to focal reactivity [<lo% of tumor cells positive (--+)I. 

Trans- Growth Chrom- 
formed in some NO. tumors/ Soft  ell HMB 

Cell no. injection S g  g a ,  expres- 
line pheno 0118 inrm- sites tion sion 

effici- time ( + I - )  1 -  duced ( d " ~  10) nry (%) ( Y d o )  

Parental cells 
Parental - 
UACC-903 Yes - 20120 3.6 2.7 +++* 
Parental 
UACC-091 Yes - 12/12 5.4 2.0 +++ 

Microcell hybrid clones 
UACG903 
MCH-361C1 NO + 6 0112t 0.2 4.6 --+ 
UACG903 
MCH-361ClRS Yes - - 616 ND ND +++ 
UACG091 
MCH-360C1 NO + 6 01129 5.4 2.7 --+ 
UACC-091 
MCH-360- NO + 6 01129 2.9 6.1 --+ 

C418-resistant line 
UACG903 

+ psv2neo Yes + 818 ND ND ND 

"Reactivity to HMB-45 was quantitated as uniformly positive to focal reactivity (see Fig. 2). tTumors arose in all 
animals afcer growth delay of up to 34 days. In every case examined, loss of the mtroduced chrom-e 6 [assessed by 
cyto netic and RFLP anal is (Fig. 3B) occurred coincident with tumor formation. *This revertant line was 
p d c e d  by culturing cds  l a  tumor krmed &er injection of MCH-36lCl. 60 days, 40% of animals 
developed tumors. However, loss of the introduced chmmosome 6 was again confirmed m all cases smdied by directly 
analyzing tumor tissue by RFLP analysis. 
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copy of chromosome 6. These results were 
corroborated by RFLP analysis. Analysis of 
DNA from the parental UACC-903 mela- 
noma cell line, the ( + 6) microcell hybrid of 
UACC-903, and the (+6) bearing-mouse 
A9 cell line used for microcell hybridization 
are shown in Fig. 3B. For the polymorphic 
probe D6S37 [which maps to the distal long 
arm of chromosome 6 (I@] restriction frag- 
ments unique to the introduced chromo- 
some 6 were unequivocally identified in the 
(+6) microcell hybrid. Similar evidence for 
introduction of chromosome 6 into the 
UACG091 cell line was also documented 
by RFLP analysis (17). 

To determine the in vivo relevance of 
chromosome 6 to tumorigenicity, we evalu- 
ated both melanoma cell lines and their 
(+6) microcell hybrids for growth in athy- 
mic (nu/nu) mice. After injection of tumor 
cells (5 x lo6 to 1 x lo7) from the parental 
cell lines (UACC-903 and UACG091), 
rapid growth occurred and palpable tumors 
developed in 100% of animals within 5 to 7 
days (Table 1). 

For the UACC-903 cell line, tumor for- 
mation was initially suppressed (up to 34 
days) in the (+6) microcell hybrid when 
compared to the parental line. However, 
eventually all animals developed tumors. 
The finding of initial suppression followed 
by tumor formation might be due to the 
instability of the introduced chromosome 6 
in the microcell hvbrid. This was in fact 
demonstrated by several approaches. First, 
tumors arising from animals injected with 
(+6) microcell hybrids were resected and 
placed back into culture and exposed to 
selective (3418 medium. As would be ex- 
pected if the introduced chromosome 6 
(bearing the psvoeo gene) had been lost, 
cultures reverted to neomycin sensitivity 
(Table 1). Second, cytogenetic analysis of 
the revertant microcell hvbrid was consistent 
with the loss of the intrdduced chromosome 
6. Third, DNA was isolated directly from 
the tumors that grew in animals inoculated 
with (+6) microcell hybrids, and loss of the 
introduced chromosome 6 was confirmed 
(Fig. 3B). The rapid segregation of cells 
without the introduced chromosome 6 in 
our microcell hybrids may be related to the 
retention of the introduced chromosome 6 
in a micronucleus (Fig. 3C). Whereas the 
parental cell line contained no cells with 
micronuclei, we found >30% of the (+6) 
microcell hybrids had a single micronucleus. 
When tumor cells from the (+6) microcell 
"revertants" were examined, fir less than 1% 
of cells had a micronudeus. Fourth, when 
cells that had lost the introduced chromo- 
some 6 were reintroduced into nude mice, 
they exhibited a tumor-forming capacity in 
mice indistinguishable from the parental cell 

line (that is, tumors formed in 100% of 
animals within 5 to 7 days). Finally, the 
(+6) revertant cells were analyzed and, in 
contrast to the (+6) microcell hybrid line, 
returned to the parental staining pattern for 
the melanoma-associated HMB-45 antibody 
(Table 1). 

After the injection of the identical number 

of cells for the UACC-091 (+6) microcell 
hybrid cell line into mice, tumor growth was 
completely suppressed in all animals for 2 
months. At this time, small but palpable 
tumors have appeared in 40% of animals. As 
above, RFLP and cytogenetic analysis 
showed that the introduced chromosome 6 
had been lost from all cells reexpressing the 

Fig. 2. Immunofluorescence staining of parental (A and 6) and (+6) microcell hybrids (C and D) of 
the UACC-903 melanoma cell line. (A) Cells from the parental cell line were first grown on cover slips 
and then stained with an antibody highly restricted to melanoma [HMB-45 (14)l. The parental line 
stained uniformly positive for HMB-45 with almost a l l  cells staining positively (x  100). (B) A phase 
micrograph of the same field as (A) showing the grape-like morphology characteristic of this cell line. 
(C) Markedly reduced HMB-45 staining of the (+6) microcell hybrid of the UACC-903 cell line 
( X  100). (D) Phase micrograph of the same field as (C). Note again the more flattened elongated cell 
morphology of the (+6) microcell hybrid. 

Fig. 3. (A) G-banded chro- 
mosomes illustrating clonal 
structural alterations from 
UACG903 and UACC- 
091. Both lines had struc- 
tural alterations of chromo- 
some 1 [UACC-091 
del(l)(p22); UACC-903 
derinv(l)(p36)(q25)]. Only 
the UACC-091 cell line 
showed a recognizable 
structural alteration of chro- 
mosome 6 [de1(6)(q16)]. 
Further description of cyto- 
genetic changes characteriz- 
ing these cell lines is provid- 
ed in (15). (6) A Southern 
(DNA) blot filter contain- 
ing 5 wg of Hind 111-digest- 
ed DNA from the UACC- 
903 melanoma cell line (lane 
l),  the (+6) microcell hy- 
brid of UACC-903 IMCH- 
361C1) (lane 2), ;he A9 
mouselhuman chromosome 6-bearing hybrid MCH-262AlD6 (lane 3), and a revertant (MCH- 
361ClR) (lane 4) of the (+6) microcell hvbrid from lane 2. DNA was hybridized with probe pJCZ30 
( ~ 6 ~ 3 7 f  0 . 1 5 ' ~  N~CI, 0 . 0 3 ~  tris-HCI (pH 7.4), 2 mM EDTA, 0:1% NaPPi, 0.i% SDS, 10% 
dextran sulfate, heparin (0.5 mglml), and salmon sperm DNA (100 kglrnl) at 65°C. The filter was 
washed for 1.5 hours in 0.1 x saline sodium citrate and 0.1% SDS at 60°C. The filter was exposed 
overnight at -80°C. (C) Example of a micronuclei within a cell from the (+6) microcell hybrid of 
UACC-903. The cell was stained with the DNA fluorochrome Hoechst 33258 (which stains DNA 
brightly) and the arrow points to the micronucleus within the cytoplasm (x220). 
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tumorigenic phenotype. All other animals 
have remained tumor-free. For animals 
without tumors, histopathologic examina- 
tion of the site of injection of the (+6)  
microcell hybrids after 2 months shows only 
occasional reactive fibroblasts with no evi- 
dence of melanoma cells. In contrast, the 
histology of the parental and revertant tu- 
mors grown in nude mice are indistinguish- 
able from the patient's melanoma. 

As a control for the introduction of chro- 
mosome 6 into melanoma cell lines, we have 
introduced, by electroporation, psvzneo into 
the ~arental UACC-903 melanoma cell line 

I 

(Table 1). In contrast to the introduction of 
chromosome 6, the addition of the selecta- 
ble marker did not alter in vitro morphology 
or effect tumorigenicity, suggesting it has no 
role in the suppression of tumor formation. 

Several studies have been reported on the 
genetics of tumor suppression by somatic 
cell fusion (8 ,9) .  However, only recently has 
intraspecies hybridization of a single human 
chromosome been possible (10). On the 
basis of our current observations, it is rea- 
sonable to speculate that genetic informa- 
tion present on chromosome 6 can suppress 
the malignant phenotype of human melano- 
ma cells. If [as suggested by Vogelstein (5)] 
tumor suppressor genes have both a hierar- 
chical and incremental effect on the regula- 
tion of cell growth, it is possible that a gene, 
or genes, on chromosome 6 may be acting 
early in the pathway of tumor formation. 
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2,3-Dihydr0~-6-niw-7-sulfamoyl-be~(F)quino~aline: 
A Neuroprotectant for Cerebral Ischemia 

2,3-Dhydroxy-6-nitro-7-sulfamoyl-benzo(e (NBQX) is an analog of the 
quinoxalinedione antagonists to the non-N-methyl-D-aspartate (non-NMDA) gluta- 
mate receptor. NBQX is a potent and selective inhibitor of binding to the quisqualate 
subtype of the glutamate receptor, with no activity at the NMDA and glycine sites. 
NBQX protects against global ischemia, even when administered 2 hours after an 
ischemic challenge. 

T HE DISCOVERY OF THE QUINOXA- NMDA receptor antagonist 2,3-dihydroxy- 
linediones (I) ,  a series of potent and 6 -nitro - 7 - sulfamoyl- benzo (F) quinoxaline 
selective antagonists at non-NMDA (NBQX) (Fig. l ) ,  which is more potent 

excitatory amino acid (EAA) receptors, has than the previously described compounds 
greatly facilitated the study of the pharma- DNQX (6,7-dinitroquinoxaline-2,3-done) 
cology of the quisqualate and kainate recep- and CNQX (6-cyano-7-nitroquinoxaline- 
tor subtypes. Here we report a new non- 2,3-dione) in displacing [ 3 ~ ] A M P A  (a- 

amino-3-hydroxy-5-methyl-4-isoxazole pro- 
AIS Ferrosan, CNS Division, Sydmarken 5, DK-2860 pionic acid) binding and is less in 
Soeborg, Denmark. inhibiting [3~]kainate, [ 3 ~ ] C ~ ~  [3(2-car- 
*To whom correspondence should be addressed. boxypiperazine - 4 - y1)propyl- 1 - phosphonic 
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