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Abstract 

Cytogenetic analysis of human intraspecific HeLa X libroblast hybrids has implicated the loss of a single copy of 
chromosome 11 and 14 in the reexpression oftumorigenicity. Molecular analysis of the paired combination of non- 
lurnorlgerncand tumongcnrc hybrlds usmg chromosome 11- and ICspecific icstr~ctionfragrnent length polymorphic 
(RFLP) probes has identified the loss ofa fibroblast chromosome 11 In the tumorigenic hybrid cells. There was no 
obvlous correlation between the loss olnormal chromosome 14 and the reexpression afthe tumorigenic phenotype. 
The presence of the tumor-suppressor sequences on normal chromosome I I was further confirmed by the derivation 
ofnon-tumorigenlc cells with the introduction of a single copy of libroblast chromosome 11 into the tumor ige~c  
cclls. The preclse location of the tumor suppressor sequences was then determined by an extensive RFLP analysis of 
the HeLd X normal chromosome I I hvbrids using a large number ofchromosome 11-soecific ~robcs .  These results - - . . 
showed a perfect correlatron between the presence of the long arm(q-arm) ofchromosome 11 and thesuppresslon of 
the tumongenic phenotype. Also, one of the tumorigenic hybrids had lost ql3-spec~fic genetic markers while 
retainingother regions of thechromosome. Weconclude therefore that thegene(s)involvedin thesuppressionolthe 
HeLa tumors is localized to the long arm of chromosome 11, most likely to the q13 region. 

Key words Tumor~genicity, tumor-suppression genes, HeLa mll tumors, long arm of chromosome 11, q13 region. 

1. Introduction 

%matic cell hybrids derived by the fusion of two or more different cells of the same or 
different species have been extremely useful in the genetic analysis of malignancy. In these 
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studies the approach has been to fuse a cancer cell to a normul celi and determine whetheior 
not the resulting hybrid cell is tumorigenici-'. Earlier studies of Harris and coworkers 1-1 

involving the fusion ofhighly tumorigenic mouse cells to mouse c c h  oflow tumorigenicityor 
normal mouse cells resulted in hybrids with low tumorigenic potential. This led them to 
conclude that tumorigenicity behaves as a recessive trait. SimiIarly, studies carried out with 
the hybrids derived by the intraspecific rodent cell and interspecific rodent x human 
fusions indicated the recessive nature of the tumorigenic p h e a ~ t y p e ~ , ~ .  The initial hybrids 
from these Fusions were non-tumorigenic and tumorigenic hybrids arose at regular intervals3. 
The tumorigenic hybrids contained fewer number of chromosomes in comparison to their 
non-tumorigenic counterpart. The appearance of thc tumorigenic cells was therefore 
correlated with the loss of specific chromosomes. 

The conclusion from the above studies is that the genc(s) responsible for the suppressionof 
malignancy resides in normal cells and hence the fusion of thc normal cell to a malignant cell 
results in the derivation of non-tumorigenic hybrids. The loss of specific chromosomes, those 
carrying the tumor suppressor gene(s) would then lead to the development of tumongenic 
revertant cells. Identification of these specific chromosomes was diflicult in the intraspedc 
rodent cell hybrid system due to the inadequacy of the karyotypic analysis to differentiate the 
parentalorigin of the chromosomes. In the interspecific human x rodent cell system where the 
parental chromosomes could be identified by the karyotypic analysis, few of the human 
chromosomes were indeed implicated to be involved in the suppression of tumorigenicity3. 
However, these studies were inconclusive due to the instability of the chromosomes in these 
interspecific hybrids. The tumorigenic suppression was only transient due to the continuous 
loss of human chromosomes from these hybrids. Chromosomally stable intraspecific human 
cell hybrid system generated, by Stanbridges was very helpful in the identification of 
chromosomes possibly involved in the suppression of the tumorigenic phenotype. The initial 
hybrids derived by the fusion of tumorigenic HeLa cells to the normal human cells were all 
non-tum~rigenic~,~. After a prolonged passage in culture, rare tumorigenic segregants arose 
from these non-tumorigenic parental hybrids. Karyotypic analysis ofthe paired combination 
of non-tumorigenic and tumorigenic hybrids identified the loss of a single copy of 
chromosome 11 and other chromosomes, in particular, chromosomes 2 and 14, in the 
tumorigenic hybrids7.'. However, it was impossible to determine the parental origin of these 
specific chromosomes lost from the tumorigenic cells by the conventional cytogenetic 
analysis. In the present article, we show the use of molecular genetic techniques in identifying 
the missing chromosome to be the normal chromosome 1 19-" and have extended the study 
to localize the tumor suppressor sequences to the long arm (q-arm) of chromosome 11. 

2. Materials and methods 

2.1. Cell lines 

The parental cell lines and the non-tumorigenic and tumorigenic hybrids derived from the 
somatic cell and microcell fusion of the HeLa cells to a normal fibroblast or to a 
retinoblastoma celi line are presented in Table I. All the hybrid cell lines were tested for 
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Table I 
~ ~ ~ i ~ t i o n  of parental and hybrid cell lines 

parental cell lines Hybrid cell Bnes 
Fibroblast X Hela 

Non-tumorigenic Tumorigenlc 

GM77 x D98/AH-2 CGL-1 CGL-3 
CGL-2 CGL-4 
ESH 541E ESH 541L 

IMR-90 x D98IAH-2 ESH 39E ESW 39L 

110.1" x ESA1S4 llO.l/ESH15.1 11O.l/ESH15 6TG.1 
IlO.l/ESHlS 6TG.3 
110.1/ESH15 6TG.5 

Y79' x D98 ORd HHYl7p2c HHYl7pZcTuo 

'Cell tine 110.1 is a mouse (A9) cell line containing a translocated X:ll 
(llpter> llq23::Xq26 > Xqter) chromosome as the only human 
chromosome. 
'Cell line ESHlSis a tumorigenic revertant cell derived from the fusion 
of diploid fibroblast 75-55C and HeLa cells. 
'Y79 is a retinoblastoma cell lme. 
D980R is a ouabain resistant clone of parental HeLa cells, D98/AH-2. 

tumorigenicity by injection into nude mice. The cell lines were all grown in minimum essential 
medium containing non-essential amino acids and 10% fetal calf serum. 

2.2. Plasmid and phage DNAs 

Chromosome 11-, 13- and 14-specific RFLP probes used in the present analysis were 
obtained from a number of laboratories. Plasmids were grown in Escherichia coli strain 
HBlOl and purified by the ethidium-bromide-Cscl density gradient centrifugation1'. The 
phage particles and the phage DNAs were prepared by the method of Lawn et all3. The 
insert RFLP probes were cut out from the plasmid and phage DNAs by digestion with 
appropriate restriction enzymes and isolated by separation on0.8-1.0% low-melting agarose 
gels. Nick translation of the probe DNAs was performed according to Feinberg and 
Vogel~tein'~. Genomic DNAs were prepared by the method of Jolly et all5. 

2.3. Blot hybridization analysis 

Genomic DNAs were digested with restriction enzymes appropriate for the different RFLP 
probes. The information about the restriction enzymes used, size of the polymorphic alleles, 
and the chromosomal location of the informative probes is presented in Table 11. DNA 
samples were digested in a buffer containing 33-mm Tris-Hcl (pH 7.8), 60 mm potassium 
acetate, lOmM Mgcl, and 1 mM DTT at 37°C overnight for all the enzymes except Taq 1. 
The Taq 1 digestion was performed in the same manner at 65°C overnight. Digested DNAs 
were subjected to the Southern hybridization analysis as mentioned earlierg. 
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Probe I.ocus Restriction Constimi Pr~lymorpliic 
rnryme fragnients (kb) i'r~prncntr ihhl 

- ~ - 

6.6 k b  c-Ha-ras Taq 1 2 3 VN'I'R 
2 5 to 4.5 

phins310 Insulin P v e  11 None VN'I'R 
0.75 to 2 3 

APO-A1 APO-lipo ApdT 1.5 2.5. 3.0 
protcin 

p2-7-ID6 DIISX4 Taq I None 4.5, 6 7 

46-3 l)llS85 MSP 1 1.7, 2 5 3.45, 9.50 
2.50. 2.75 

pTH162 D13S3Y Rgl I1 Many VNTR 
5 0 to 8.2 

pAWl0l D14S1 EcoRI None 17 0. 20.0 
- 

VNTR-Vanablc number or tandem repeats 

3. Results 

3.1. Implication of normal chromosome I I In tumor supprcssio~~ 

Genomic DNA isolated from the parental cell lines and the non-tumorigenic and 
tumorigenic hybrids (Tablel) were subjected to the RFLP analysis using the different 
chromosomes 11- and 14-specific probes listed in Table 11. Thc Southcrn blot hybridization 
revealed unique polymorphic fragments in the fibroblast and HcLa DWAs with the different 
probes. c-Ha-ras probe was a useful chrorrrosome 1 I -  RFLP p l d x 1 ?  Fragment lenglhsof 
4.0 and 2.5 kb were detected in the fibroblast GM77-DNA, 3.0 and 2.5 kb in the fibroblast 
IMR-90 DNA and 3.0kb in the HeLa DNA (fig. 1). All the DNAs contained a common 
fragment of 2.3 kb. Thus the fibroblast cell lines were found to be helerozygous and the HeLa 
cell line homozygous for the c-Ha-ras probe. 

The hybridization analysis of the non-tumorigenic cell lines CGL-2, ESH 541E and 
ESH 39E revealed the presence of both the fibroblast- and HeLa-specific fragments (fig.1). 
The cell lines CGL-2 and ESH 541E derived from the HeLa x GM-77 fusion contained 
the GM-77 specific 4.0 and 2.5 kb L-agments and the HeLa-specific 3.0 kb fragment. The 
corresponding tumorlgenic segrementsCGL-4 and ESH 541 L had lost thc fibroblast-specific 
fwmenls  of 2.5 and 4.0 kb, respectively. It is interesting to note that the loss of either of 
the fibroblast chromosome I Is has led to the development of the tumorigenic phenotype 

The non-tumorigenic hybrid cell line ESH 39E derived from the HeLa x IMR-90 fusion 
contained the fibroblast-specific 2.5 kb fragment in addition to the 3.0 k b  fragment common 
to both the fibrohlast and HeLa DNAs. The tumorigenic revertant ESH39L had lost the 
fibroblast-specific 2.5 kb fragment. Thus the loss of fibroblast chromosome 11 was again 
found to be responsible for the development of the tumorigenic revertants. 
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FIO 1 RFLP analys~s of the HeLa x fibroblast hybr~d DNAs with the chromosome 11-spemfic c-Ha-ras probe 
(11~15). DNAsamplesdigested with Taq I were analyzedon a 0  8%agarosegel. 
alleles are present in the non-tumorigenic hybrids, the 2.5 and 4.0kb alleles of the GM77 parent in CGL-2 and 
ESH 541E hybrids and 2.5 and 3.0kb alleles of the IMR-90 parent in the ESH39E hybrid. These hybrids also 
contain the 3.0 kb allelic fragment of the HeLa cell line. The tumongenlc cell hnes have lost a copy oitbe fibroblast 
chromosome 11. The cell line CGL-4 has lost the 2.5 kb and ESH 541L the 4.0 kb fragments of the GM77 parent 
and the cell line ESH 39L has lost the 2.5kb fragment oi the IMR-90 parent. 

The detailed RFLP analysis thus identified the loss of a normal chromosome 11 in four of 
the five tumorigenic hybrids. The variant tumorigenic cell line, CGL-3, showed the loss of a 
HeLa-specific chromosome 11, at least the p-arm, by the RFLP analysis (fig. 2). The loss of a 
single copy of the HeLa chromosome 11 from this hybrid cell line was identified by the 
densitometric analysis of the intensities of the fibroblast and HeLa-specific fragments (data 
not shown). 

Analysis of the different cell lines with the chromosome 14-specific probe, pAW101" 
indicated the loss of the fibroblast-specific allele only in the tumorigenic hybrid CGL-3 (fig. 3). 
There was no obvious loss of the HeLa- or the fibroblast-specific chromosome 14 alleles in 
the other tumorigenic cell lines. 

Thus the molecular genetic analysis of the various non-tumorigenic and tumorigenic 
hybrid cell lines using the chromosome-specific RFLP probes clearly implicated the 
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Flo. 2 Analysis of the hybrid cell DNAs with the 
chrnmosome 11-specific phins 310 probc (llp15). The 
turnongenic hybnd CGL-3 contains both the 0.75 kb 
fragment of the HeLa parenl and 2.3kh fmgmcnt of 
the GM77 parent like ~ t s  "on-lumongenlc counterpart. 
CGL-1. Howevzr, the mtensity of the two fragments 
mdtcates Ihe loss of one of the HeLa alleles, md a 
copy of thc He1.a chromosome 11 in this tumorigentc 
cell line 

involvement of a normal chromosome 11 in tumor suppression. It i s  not obvious at the 
present time why the tumorigeniccell h e  CGL-3 had lost the HeLa-specificchromosome 
It is possible that a homologous recombination might have taken place belwcen the 

HeLa and fibroblast chromosomt: 11s resulting in the transfir of the fibrobla1 
chromosomal 11 region containing the 'tumor suppressor' sequences to the HeLa 
chromosome 11. 

3.2. Confirnmtion of rhe presence of thp tumor-suppressor sequences on chromosome 11 

The conclusive evidence for the presence of the tumor suppressor sequences on chromosomell 
was provided by Saxon etai". They wcre able to convert &La-derived tumorlgenlc cells 
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FIG. 3. RFLP analysis of the hybnd cell DNAs with the chromosome 14-specific pAWlOl probe (14q23). 
Tumor~genlc hybr~d CGL-3 1s the only cell h e  that has lost the fibroblast-GM77, speufic 20 kb allele. None of 
the other hybrids shows the loss of either HeLa or fibroblast alleles. 

into non-tumorigenic cells with the introduction of a normal chromosome 11 by the 
microcell-mediated chromosome transferla. The donor chromosome was a t(X; 11) 
translocation chromosome found in the human fibroblast cell line GM3552. The 
translocation break points of this chromosome are I lpter > 1 lq23::Xq26 > X,ter. Transfer 
of this chromosome enables the recipient cells to grow in a HAT(Hypoxanthine- 
aminopterine-thymidine)-selective medium. The t(X; 11) chromosome was introduced into a 
6-TG (6-thioguanine)-resistant tumorigenic hybrid cell line, ESH 15 (TI), which was derived 
by the fusion of a normal fibroblast (75-55C) to HeLa cells1g. Five HAT-resistant colonies 
were isolated and assayed for tumorigenicity in nude mice. One of the clones that had been 
converted into a non-tumorigenic cell was reselected in a 6-TG medium in order to select 
clones that had now lost the t(X; 1 I) chromosome. This 6-TG-resistant clone was found to be 
tumorigenic like the original parent indicating thereby the ability of the t(X; 11) chromosome 
to suppress the tumorigenic phenotype and the loss of which leads to the reappearance of the 
tumorigenic cells. The possibility still existed that there were other chromosomes besides 
t(X: 1 I )  that were essential for tumor suppression and the loss of these chromosomes by the 
6-TG back selection was responsible for the reexpression of the tumorigenicity. This possibility 
was eliminated by the conversion of the tumor cells back into non-tumorigenic cells by the 



reintroduction of the t(X; 11) chromosome. Thus the presence of the tumor suppressor 
sequences on normal chromosome 11 was confirmed by a functional assay involving the 
introduction of the chromosome into the tumorigenic cells. 

RFLPanalysis was performed on the t(X; 11) x ESH 15 hybrids with thc chromosome.l[. 
specificc-Ha-ras probe in order to conclusively show the involvement of the t(X, I l)intumor 
suppression. The data indicatcd the prcscnce of the t(X; 11) chromosome-specific 2.5kh 
fragment in addition to the 3.0 and 3.5 kb fragments of the tumorigenic ESH 15 cell line in the 
non-tumorigenic hybrid 1 lO.I/ESH 15.1 (fig. 4). The 6-TG back-selected tumorigeliic clones 
had lost this 2.5 kb fragment implicating t(X; I I) chromosome in tumor suppression The 
resuppressedclones again contained thc 2.5 kb fragmcnt ofthc t(X; 1 1 )  chromosome(datano~ 
shown). These results thus confirmed the presence of the tumor suppressor sequences on 
chromosome 11 of normal cells. 

3.3. Localization of the tumor-suppressor sequences to 
the long arm (q-arm) q/ chromosome I 1  

It is important to localize the gene(s) to a specific region of the chromosome in order Lo 
attempt the isolation and cloning of the gene(s). One of the somatic cell hybrids derivcd by the 
fusion of HeLa (DY8OR) x retinoblastoma (Y79) was very useful in the present analysis. 
Development of retinoblastoma has been correlated with the loss of genetic information on 
chromosome 1320-24 and we have shown the involvement of gene($ on chromosome 11 in 
the suppression of the HeLa cell tumors9~". Hybrid clones isolated from the fusion of 
retinoblastoma cells to the HeLa cells have been shown to be non-tumorigenic upon 
injection into nude micez5. A tumorigenic scgrcgant was isolated from onc of the non. 
tumorigenic hybrids. The non-tumorigenic mass culture (HHYI 7p2c) and the tumorigcnic 
revertant cell line (HHy17p2c Tuo) were subjected to the RFLP analysis with the 
chromosome 13- and 11-specific probes in order to determine the genetic locus involved in 
the derivation of the tumorigenic revertant cells. 

Of the various chromosome 13-specific probes used in the analysis, one of the probes. 
pTH162", was informative. Results presented in fig. 5 showed the presence of polymorphic 
alleles for both Y79 and HeLa cell lines. The Y79 cell line contained the 8.2 and 6.1 kb all& 
and the HeLa cells contained the 7.7 and 5.0 kb alleles. The non-tumorigenic hybrid cell line, 
17p2c, and its tumorigenic revertant cell line, 17p2c Tuo, contained the allelic fragments of 
both the parental cell lines, namely, the 8.2,7.7,6.1 and 5.0 kb fragments. Thus the presenceof 
HeLa chromosome 13 in both the non-tumorigenic and the tumorigenic hybrid cells 
indicated that at least chromosome 13 was not involved in the reappearance of the 
tumorigenic phenotype. 

Figures 6a and b contain the results obtained by the analysis of the non-tumorigenic 
( 1 7 ~ 2 ~ )  and tumorigenic(l7p2c Tuo) DNAs with the chromosome 1 1-specific ras(11plS)and 
APOAl (11~113) ~robes'~.". The parental cell lines, HeLa and Y7Y, were lor 
the ras probe containing the 3.0 and 2.5 kb alleles respectively (fig. 6a). Both the non- 
tumorigenic and tumorigenic hybrids contained the Y79-specific 2.5 kb allele in addition to 
the 3.0kb HeLa allele. Hencc, thep-arm 0fY79 chromosome 11 was not found to beinvolved 
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FIG 4. RFLP to detect the preqence or absence of the 
t(X, Il)  chromosome In the 110.1 x ESHI5 microcell 
hybnds. Hybndmtmn was pzrformcd on Taq 1- 
dlpested DNAs wth the c-Ha-ras probe (IlplS). The 
celll~nc 110.1 IS a mouse cell llne(A9)contain1ng t(X; I I)  
chromosome i s  the only human chromosome I'he cell 
linc ESHl5 1s a turnongenic He1.a-dcrivcd hybrid cell 
I m ' '  The non-tumongenlc hybrid IIOI/ESHlS.I 
contams the 2.5 kb allelic fragment of the t(X; I I) 
chromosome In add~tlon to the 3 0 and 3.5 kh fragmcnts 
of the ESH 15 DNA. The tumurigcnlc 6-Thioguan~ne 
(6-TG) resistant revertant cell lmes have lost this 
t(X: 11)-chromosome-specik fragment. 'fhcie rcsults 
confirmed the involvement of a normal chromosome 
1 I in tumor suppression. 

2.3- 
2.0- 

FIG. 5. Hybrldtratmn analysls o l  thc HeLa (D980R) x 
ret~noblastoma (Y79) hybrids with chromosome 13- 
spccliic RFLP probe. pTH162 (13q14). Uglll-dlgested 
DNAs were hybrid~zrd to the probe as described in the 
text. The results showed the presence ol Y79-spcc~fic 
8.2 and 6.1 kb and HcLa-specific 7 7 and 5.0kb frag- 
ments in both the non-tumongenic and turtlorigenic 
cell 11nes indicating the non-mvolvcrnent of chromo- 
some 13 In the suppresslo" of the tumar~genlc 
phenotype. 

in the derivation o i  the tumorigenic revertant cell line. However, the result was different for 
the q-arm-specific APO A1 probe. The results presented in fig. 6b strongly suggested the 
involvement of q-arm in tumor suppression. The retinoblastoma cell line (Y79) was 
polymorphic containing the 4.0 and 2.5 kb allelic fragments. HeLa cell linc was homozygous 
containing the 2.5 kb allele. Both the cell lines contained the 1.5 kb common fragment. The 
Y79-specific 4.0 kb allelic fragment was observed only in the non-tumorigenic hybrld cell line. 
It was absent in the tumorigenic revertant cells. Both the hybrid cell lines contained the 2.5 kb 
polymorphic allele, possibly derived from the HeLa parent. Thus, the loss of the q-arm of 
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T N T I T  
FIG. 6. RFLP analysla or thc HeLa x rclinublastuma hybrids with chromowme 1 I-i;pcafie probes (a) Taq-I 
digested DNAs were hybridized to thc p-arm spccrtic chromosome I I probe, c-Ha-r;ts (1 1 ~ 1 5 ) .  The obscrvatmn 
Y79-spcc~fic 2.5kh liagmcnt in the tu~nongcnic cell line rndmtcd the non-rnvolvcment of p-arm of chromosoml 
I 1  In tumot suppresscon. (b) Apa Ld~gested DN4s were hybridlred to the q-arm speolic chromosome I 1  probe, 
1.4kb genomlc fragment of thc APOAi gene ( I l q l i ) .  The lumorigenic cdl h e  contains the 2.5 kb genomlc 
fragment, the fragment common to both the Y79 and HeLa cell lines, but has lost the Y79-specllic 4.0kb allellc 
fragment, present ill its non-tumorigenic counterpart. The results lhereforc mdicatr a perfect correlation betwen 
the loss of the q-arm of chromosome 11 and reversion to the tumurigen~c phenotype. 

chromosome 11 derived from Y79 correlated with the reappearance of the turnorigcnlc 
phenotype. 

Additional evidence for the absence of the q-arm of Y79 chromosome 1 I in the tumorigenic 
cells was provided by analysis with other q-arm-specificprobes. Results arepresentedforthe 
analysis with the p2-7-ID6 ( I  lqLZ,Z3) probeZ8. The HeLa cell line contained hetcrozygous 
allelic fragments of 6.7 and 4.5 kb and chromosome 11 of the Y79 cell line contained 
homozygous allelic fragment of 4.5kb (fig. 7a). The tumorigenic cell line had retained the 
HeLa-specific6.7 kb allelic fragment but had lost the 4.5 kb fragment that was present in the 
non-tumorigenic cells. ' h i s  4.5 kb fragment was derived from the Y79 chromosome since the 
Don-tumorigenic cells contained the q-arm of Y79 chromosome 11 (fig. 6b). These results 
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T N T T  T 
FIG 7. Confirmation of the deletion of q13-22 regon of normal chromosome 11 in the tumorigenlc cells. 
(a)Taq I-drgested genomlc DNAs were hybrid~zed to the q-arm specific p2-7-1 D6probe(I ~ q ~ ' ~ ~ ' )  The tumorlgenlc 
cells (17p2cTuo) have retained the HeLa-spec~fic 6.7 kb allclic fragment, but have lost the Y79-specific 4.5 kb 
allelic fragment present in its non-tumorigen~c counterpart (17p2c). (b) MSP I-digested DNAs were hybr~dized 
to another of the q-arm-spectfic probes, 46-3 ( I  lq'"")). Both the non-tumongenic and the tumorigenlc cell llnes 
contain a copy each of the polymorph~c 9.50 and 3.85kh fragments, a copy each of the 46-3 region of the Y79 
and HeLa chromosome 11s. These results mdicate the retention of the part of the long arm of Y79 chromosome 
11 in the tumorlgenic cell line that has lost at least the q13-22 region of the chromosome. 

supported the concept that turn~ri~enicity was associated with a loss of sequences in the long 
arm of Y79 chromosome 11. The loss of the genetic material within the q13-23 region in the 
development of the tumorigenic hybrid 17p2cTuo was confirmed by the RFLP analysis with 
otherq23-specific probes. One of the probes 66-3 was informativez8. The parental HeLa and 
retinoblastoma DNAs contained the heterozygous allelic fragments of 9.50 and 3.85 kb for 
this probe (fig. 7b). A homozygous fragment of 3.0kb and a common fragment of 2.5 kh were 
also present in the two DNAs. Both the non-tumorigenic (17p2c) and the tumorigenic 
(17p2cTuo) hybrid DNAs contained the polymorphic 9.50 and 3.85 kb fragments. Since, it 
has already been shown that the non-tumorigenic cell line contained the p- and q-arms of the 
Y79 and HeLa chromosome 11s (figs 6a and b) and the tumorigenic cells had lost at least the 



part of the q2"23 region of Y79 chromosome 1 I (fig. 7a), the results obtained with the $6.3 
probe would indicate the presence of the Y79 chromosome 11 in addition to the &La 
chromosome at this probe locus of the 11q22-23 region. Thus the hemizygous deletion of 

sequences in the q13-q23 region of chromosome 11 correlated well with the reexpression of 
the tumorigenic phenotype. Additional studies with the APO Al and other q-arm-specSc 
probes using several restriction enzymes indicated the presence of a single copy of the HeLa 
and Y79 chromosome 11s in the non-tumorigenic hybrid (data not shown). These results 
indicated that the tumorigenic hybrid had retained a complete copy of the HeLa 
chromosome 11 but had lost at least the q13-23 segment of the Y79 chromosome 11, 
Cytogenetic studies carried out at the 450 band level also showed the presence of two normal 
appearing chromosome 11s in both the non-tumorigenic and tumorigenic hybrid celVines 
(data not shown). Additionally, gene dosage analysis confirmed the presence of two copies of 
the p-arm and q23 region of chromosome 11 but only a single copy of the q13 region in the 
tumorigenic hybrid cell linez9. Hence, the reversion to the tumorigenic phenotype seems tobe 
due to the selective loss of genes in the q13-23 (submicro~copic deletion) region of the Y79 
chromosome 11. 

4. Discussion 

Previous cytogeneticanalysis of HeLa x human fibroblast hybrids has implicated the loss ofa 
single copy each ofchromosome 11 and 14 in the reexpression of the tumorigenic phenotype. 
The tentative implication of these two chromosomes in the control of tumorigenicexpression 
of human cell hybrids was based upon the number of copies of the chromosomes in a given 
metaphase spread using trypsin-Glemsa banding techniques. The loss of specific 
chromosomes was observed, but it was impossible to determine the parental origin of the 
chromosomes using karyotypic analysis of the intraspecific human cell hybrids. 

Molecular genetic studies involving the use of chromosome-specific RFLP probes have 
been successfuliy used in differentiating the chromosomes of the parental cell lines. The 
RFLP analysis has clearly identified the loss of a copy of normal chromosome 11 in most of 
the tumorigenic hybrid cells. There was no obvious loss of chromosome 14 in these 
tumorigenic cell lines. The single tumorigenic cell line that has lost a copy of the HeLa 
chromosome 11, at least the p-arm, showed the loss of a copy of normal chromosome 14.U 
remains to be seen whether there is any relationship between the two chromosomes in 
tumorigenic suppression. Also, the loss of the HeLa p-arm could be due to a homologous 
recombination involving the transfer of the fibroblast chromosomal 1 1 region containing the 
tumor-suppressor sequences to the HeLa chromosome. Identification of this recombination 
event might require the use ofprobes that detect highly variable tandem repeat 'mini satellite 
regions'30. 

The presence of the tumor-suppressor sequences on normal chromosome 11 as identified 
h?. the RFLP analysis was confirmed by the introduction of a copy of fibroblast chromosomell 
into the tumorigenic  cell^'^. The functional assay clearly indicated a perfect correlation 
between the presence of a normal chromosome 11 and the suppression of the tumorigenic 
phenotype (fig. 4). Introduction of a copy of fibroblast chromosome 14 or another ' 
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chromosome. chromosome x, into the tumorigenic cells did not reverse the tumorigenic 
phenotype confirming the specific effect of normal chromosome 11 in tumor suppression1' 
(and Saxon, personal communication). The functional analysis performed by Saxon et al" 
indicated yet another phenomenon, the transfer of a single chromosome 11 into the HeLa 

was sufficient for the suppression of tumorigenicity. This result is in contrast to the 
finding that two normal chromosome 11s are needed for tumor suppression in the 
tumorigenic HeLa x fibroblast hybrid cell lines. The gene dosage effect observed with the 
hybrids could be due to thc presence of transactingfactors on other fibroblast chromosomes 
that are present in the hybrids but are absent in the MeLa cells. This phenomenon of gene 
dosage could only be verified with the introduction of the tumor suppressor gene, when 
isolated. 

The results thus suggested the presence of specific genes on normal chromosomes whose 
function is essential for normal cellular growth and the loss of which leads to the onset of 
neoplastic transformation. This type of tumor suppressor gene or recessive cancer gene 
observed on chromosome 11 for the control of HeLa cell tumors has also been observed on 
other chromosomes, specifically on chromosomes 13 (13q14) and 1 1  (1 lp12). These two 
chromosomes have been implicated in the development of retinoblastoma and Wilm's tumor, 
respecti~ely"~~. K n u d ~ o n ~ ~ . ~ '  has proposed a 'two-hit' model for the development of these 
tumors. He proposed that the first hit can be a germ line mutation (in hereditary bilateral 
cases) or a somatic mutation (in sporadic unilateral cases). The second hit will be a somatic 
mutation in both the hcreditary and sporadic forms of the disease. The molecular genetic 
studies of retinoblastoma by the RFLP analysis with chromosome 13-specific probes as well 
as by the structural analysis with the cDNA probe have provided considerable proof for 
Knudson's hypothesis. It remains to be seen whether a similar molecular mechanism is 
operative in the development of He la  cell tumors. 

Finally, wc havc iocalized the HeLa tumor-suppressor gcne(s) to the long arm of 
chromosome 11, possibly to the q13-23 region of the chromosome. It is interesting to note 
that one of the probeslocalized to the q22-23 rcgion is present within the deletion (fig. 7a)and 
another probe localized to the same region is present outside of the deleted segment of the 
normal chromosome 11 (fig. 7b). Hence, one end of the deleted segment, possibly a part of the 
tumor-suppressor gene(s), could he identified by the isolation of DNA sequences in bctwecn 
the two probes, p2-7-1D6 and @ 6-3. The recently developed techniques or pulsed field 
gel e l e c t r o p h o r e ~ i s ~ ~ - ~ ~  and cloning with the YAC-yeast artificial chromosome system3' can 
be very useful in the identification and isolation of the structural sequences of the tumor- 
Suppressor gene. . 
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