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ABSTRACT

Our previous cytogenetic studies of malignant mesotheliomas (MMs)
revealed losses from 6q15â€”21in approximately 40% ofcases, suggestive of
recurrent loss of function of a putative tumor suppressor gene(s) located
in this chromosome region. To more precisely define the critical region of
molecular genetic loss within 6q, we have constructed a high-resolution
deletion map of this chromosome arm in 46 MMs. We analyzed 32
microsatellite markers to detect loss of heterozygosity in tumor DNAs.
Allelic losses from 6q were observed in a high percentage (61%) of cases.
Partial deletions of 6q were identified in 11 cases, and these were used to
define four nonoverlapping regions of chromosomal loss: a region involv
lag 6q14â€”21(â€”9cM; 7 of 11 cases with partial deletions), a region within
6q16.3â€”21 (â€”8 cM; 9 cases), a region within 6q21-.23.2 (â€”10 cM; 8 cases),

and a distal region located at 6q25 (â€”13cM; 9 cases). Most cases exhibited
losses from more than one of these regions. We conclude from these data
that genomic losses involving 6q in MM are more frequent than previously
recognized cytogenetically and that the deletions fall into four discrete
locations, suggesting the existence of multiple tumor suppressor loci in 6q

that may contribute to the pathogenesis of this malignancy.

INTRODUCTION

MM3 is a relatively rare tumor of mesodermal origin that arises
from mesothelial cells lining the pleura, peritoneum, or pericardium.
Asbestos exposure has been implicated as a major contributory factor
in the development of this malignancy (1). MM is characterized by a
long latency period between asbestos exposure and the onset of
disease symptoms and by a poor prognosis.

It is now well recognized that tumorigenesis is a multistep process
resulting from the accumulation of sequential genetic alterations in a
cell (2). Such changes can include TSG inactivation via deletion,
mutation, or hypermethylation (3â€”5).In MM, frequent cytogenetic
losses involving 6q have been observed in several studies (6â€”9).
Furthermore, Meloni et a!. (10) reported a case of MM in which
deletion of the region 6q15â€”24was the sole cytogenetic abnormality,
suggesting that 6q loss could be a primary change in at least some
MMs. We previously documented cytogenetic loss of 6q in approxi
mately 40% of cases exhibiting clonal chromosomal abnormalities
(9). The region 6ql5â€”2l defined the SRO of cytogenetic deletion in
our series, implying that this region contains a TSG(s), whose loss or
inactivation may be important in the development or progression of
MM.

Frequent allelic loss from 6q has also been reported in many other
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human malignancies, including melanoma (I 1, 12); NHL (13); and
carcinomas of the breast (14â€”18),ovary (19â€”22),and lung (23). In
addition, cytogenetic losses of portions of 6q have been observed in
both acute myeloblastic and acute lymphoblastic leukemias (24, 25).
Moreover, in NHL and cancers of the breast and ovary, the involve
ment of three or more nonoverlapping regions of loss from 6q has
been documented (13, 17â€”19).

In this report, we describe the construction of a high-resolution
deletion map of 6q in MM. We demonstrate that genomic losses from
this chromosome arm are very frequent in MM, and we delineate four
nonoverlapping regions of 6q deletion in this malignancy.

MATERIALS AND METHODS

Specimens and DNA Extraction. Criteria for the diagnosis of MM were in
accordance with established guidelines (26). Forty-six cases of MM were

included in this study. All primary MM specimens were snap frozen and stored
at â€”70Â°Cprior to DNA extraction. Thirty-one cell lines were established from
surgically explanted primary MMs, as described previously (27). Genomic

DNA was extracted from tumor tissue and tumor-derived cell lines by standard
methods (28) and from matched peripheral blood samples using the QIAamp
blood kit (QIAGEN, Chatsworth, CA). In one case, normal control DNA was

obtained from fibroblast outgrowths observed during the initial stages of tumor
cell line establishment.

Genomic DNAs from matched blood samples were used for comparison
with primary tumor DNA (16 cases) and cell line DNA (19 cases). In two
additional cases, matched blood, tumor, and cell line DNAs were compared.
Matched blood samples were not available for the remaining nine cell lines. In
these cases, we determined the constitutional allelic pattern from DNA ob
tamed from tumor specimens containing an admixture of tumor and normal
cells (eight cases) or from DNA extracted from fibroblasts (one case).

Microsatellite Analysis. Primer pairs that were used to identify specific

dinucleotide and tetranucleotide repeat polymorphisms in genomic DNA were
obtained from Research Genetics, Inc. (Huntsville, AL). Primers to specifically

amplify a dinucleotide repeat within the arginase-encoding gene, ARGI, were

synthesized according to previously published DNA sequence data (29). We
analyzed 30 microsatellites in 6q and 2 microsatellites in 6p; the latter were

used as controls to determine whether deletions extended into 6p, as would be
the case for whole chromosome losses. The relative order of these markers was
ascertained from the Genethon/Centre Etude du Polymorphisme Humain (30)

and Cooperative Human Linkage Center maps, the LDB Genetic Location
Database (31), and the order of markers published by Cooke et a!. (32). The
chromosomal localization of the microsatellites was obtained from the Ge

nome Database (Johns Hopkins University, Baltimore, MD). The order of
D6S304 and D6S267 relative to each other is unknown. Dinucleotide repeats

analyzed were D6S429, D6S455, 1)65280, D6S482, D6S275, DOS300,
D6S249, D6S283, D6S447, D6S304, D6S267, ARGJ, D6S262, D6S270,

D6S292, D6S441, and D6S415. Tetranucleotide repeats used were D6S497,

D5S251, D6S492, DOS5OI, D6S475, DOS3OI, D6S474, D6S1039, DOSJO4O,

D6S1038, D6S250, D6S495, DOSIOO7, D6S1008, and D6S503.
PCR was used to amplify genomic DNA (20 ng) in a lOâ€”pJreaction volume

containing 1.5 mM MgCl2; 50 mM KCI; 10 mM Tris-HCI (pH 8.3); 0.001% w/v
gelatin; 6.4 @LMdATP; 5 1.2 @xMeach of dCTP, dGTP, and d'fl'P; 0.4 ,xM of

each primer; 0.9 pCi a-35S-labeled dATP (DuPont NEN, Wilmington, DE),
and 0.375 units of Taq polymerase (Perkin-Elmer, Branchburg, NJ). PCR was
performed in an MJ Research PTC-100 programmable thermal controller.
Conditions for the amplification of all dinucleotide repeats, with the exception

ofARGI, consisted of an initial denaturationfor 5 mm at 94Â°Cfollowed by 35
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in both primary tumors and tumor-derived cell lines, although the
frequency of loss was higher in cell lines. Of the 16 cases for which
tumor and blood cell DNA were compared, 6 (38%) showed allelic
loss as compared to 13 of 19 (68%) cases for which tumor cell line
DNA was compared to DNA from matched blood samples. Of the two
cases (cases 12 and 13) for which we analyzed matched primary
tumor, cell line, and blood cell DNA, complete loss of an allelic band
was observed in the cell line DNA; a corresponding change in the
allelic ratio was observed in the primary tumor DNA in one of these
two cases (Fig. 2). Matched peripheral blood samples were not avail
able in the remaining nine cases.

Among the entire 46 MMs, 18 retained heterozygosity at all in
formative 6q loci, 17 demonstrated allelic loss at all informative loci,
and the remaining 11 cases had partial deletions of 6q, as evidenced
by allelic loss at some loci and retention of heterozygosity at others
(Fig. 1). Four of the 17 cases displaying allelic loss of all informative
markers in 6q also showed allelic loss of informative markers within
6p,suggestingthatlossofanentirechromosome6homologuehad
occurred. The extent of the partial deletions was used to define four
discrete minimal regions of nonoverlapping deletion, SRO1, SRO2,
SRO3, and SRO4 (Fig. 1).

The boundaries of the most centromeric region of deletion, SRO1,
were defined by marker D6S251 (case 6) proximally and by D6S249

cycles of 1 mm at 94Â°C,2 mm at 55Â°C,and 2.5 mm at 72Â°C,and then by a
5-mm extension at 72Â°C.ARGI PCR products were amplified as follows: 5
mm at 94Â°C;1 mm at 94Â°C,1 mm at 57Â°C,and I mm at 72Â°Cfor 35 cycles,
followed by 5 mm at 72Â°C.For tetranucleotide repeats, the PCR conditions
were: 5 mm at 94Â°C,1 mm at 94Â°C,2 mm at 57Â°C,and 2 mm at 72Â°Cfor 35
cycles, followed by a final 5-mm extension at 72Â°C.

PCR products were diluted 1:1 with a 95% formamide gel-loading buffer.
Following denaturation at 94Â°Cfor 2 mm, 7 p3 of each sample were size
fractionated by electrophoresis through a 6% polyacrylamide sequencing gel
(Life Technologies, Inc., Gaithersburg, MD). Gels were dried at 80Â°Cunder
vacuum and subjected to autoradiography at â€”70Â°Cfor 16â€”72h. LOH was
considered to have occurred when there was evidence for two alleles in the
control DNA and complete loss of an allelic band in the tumor DNA, or when
the allelic ratio in tumor DNA differed by a factor greater than I.6 from the
corresponding allelic ratio in control DNA. The intensity of allelic bands was

quantitated by densitometry (NIH Image software, version 1.59).

RESULTS

Microsatellite analysis was used to determine the frequency and
pattern of allelic loss from chromosome 6 in 46 MMs using 30
markers in 6q and 2 markers in 6p (Fig. 1). The overall frequency of
allelic loss was high, with 28 of 46 (61%) cases demonstrating LOH
with at least one marker. The frequency of LOH in 6q ranged from
32% at D6S280 to 73% at both D6S492 and ARGJ. LOH was detected
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Fig. I. Patterns of LOH in MMs exhibiting partial deletions of 6q. The minimal regions of overlapping deletions, SROI, SRO2, SRO3 and SRO4, are indicated by thick vertical
bars (right half). Case numbers are shown at the top. Microsatellite markers used and their chromosomal locations. where known, are shown at the left. Markers are placed in the
predicted order from 6pterâ€”qter.For each locus, the overall frequency of allelic loss and the total number of cases analyzed are shown at the right. Thin vertical lines (left half) indicate
that DNA is no longer available for analysis in these cases. [U, allelic loss; 0, retention of heterozygosity; @,constitutive homozygosity (uninformative); ND. not determined).
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with partial deletion of 6q had losses involving all four regions (cases
1, 2, 6, 8, 9, and 10).

DISCUSSION

MM is characterized by a long latency period between the time of
exposure to asbestos fibers and the onset of disease symptoms, sug
gesting that multiple genetic alterations may be required for the

tumorigenic conversion of a normal mesothelial cell. We have previ
ously identified frequent cytogenetic losses involving specific regions
of chromosome arms lp, 3p, 6q, and 9p and numerical loss of
chromosome 22 in MM, suggesting that TSGs located within these
chromosomal sites may be involved in the pathogenesis of this ma
lignancy (9). Subsequently, it has been shown that in MM the putative
TSG CDKN2/MTSJ/p16 located in 9p is altered at high frequency by
various mechanisms, including homozygous deletion, down-regula
tion, or point mutation (33). Similarly, inactivating mutations of NF2,
which is located in 22q, can be observed in many MMs (34, 35). The
high frequency of LOH from 6q in MMs demonstrated in this study
suggests that loss of function of one or more TSGs within this
chromosome arm may represent another important genetic alteration
that contributes to the development or progression of this malignancy.

The frequency of 6q loss (6 1% overall) observed in this series is
higher than expected based on our previous karyotypic analysis of
MMs, in which approximately 40% of cases showing clonal chromo
some abnormalities exhibited losses involving 6q (9). Of the 28 cases
displaying allelic imbalance with at least one microsatellite marker, 17
have lost an entire copy of 6q, whereas 11 cases have undergone
partial deletions of this chromosome arm. The frequency of allelic
imbalances observed in primary tumor DNA (38%) was less than the
rate of loss detected in cell lines (68%). This difference could be due
to significant contamination of some tumor specimens with infiltrat
ing normal cells, such that allelic loss is masked in the microsatellite
analysis. Alternatively, the more frequent loss from 6q that we ob
served in cell lines could result from the selective outgrowth of cell
subpopulations with deletion of 6q during the establishment of cell
lines. In support of this notion is our previous observation that
karyotypic heterogeneity within individual MMs is observed in many
cases (9).

Karyotypic information was available for five of the cases included
in this report. Two of these cases (cases 14 and 15) did not have

karyotypic abnormalities of chromosome 6, and both retained het
erozygosity at all informative loci examined in this study. Case 7 had
an interstitial deletion of chromosome 6, del(6)(ql?3q21), consistent
with the LOH data that showed allelic losses affecting SROI (6q14â€”
2 1) and SRO2 (6q 16.3â€”21).Karyotypically, case 8 had a derivative
chromosome, add(6)(ql 1), presumably leading to loss of the entire
region 6ql lâ€”@.qter,although the LOH analysis revealed that a small
segment of 6q, containing D6S301, was retained; this material may
reside within the add(6)(ql 1) itself or may be masked within one of
the marker chromosomes observed in this cell line. Similarly, case 9
had a derivative chromosome, add(6)(q13), presumably leading to
loss of 6q 13â€”*qter,although the microsatellite studies revealed that a
cytogenetically undetected segment of 6q, containing D6S249,
D6S501, and D6S283 (all within 6ql6.3â€”21), was retained. Together,

the karyotypic findings and LOH data suggest that complex rearrange
ments of chromosome 6 have occurred in some cases. The apparently
complex pattern of chromosome loss often seen in other studies that
use LOH data alone can sometimes be confusing. The combined
karyotypic and LOH data presented in this investigation indicate that
such confusing cases are the result of complex rearrangements rather
than simple deletions.

Recently, we reported a deletion mapping study of chromosome Ip
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Fig. 2. Representative autoradiographs showing allelic loss in case 12 for which
matchedperipheralbloodcell,primarytumor,andtumorcell lineDNAswereanalyzed.
DNAs were assayed as described in â€œMaterialsand Methodsâ€•using the microsatellite
markers indicated. LOH, evidenced by complete loss of an allelic band in cell line DNA,
is detectedas an alterationin the ratioof allelicband intensitiesin the tumorDNA
compared to blood cell DNA. Alleles recognized by microsatellite markers are indicated
(I). Arrowheads, LOH. B, normal DNA from peripheral blood; T, primary tumor DNA;
C, tumor cell line DNA.
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Case 12

(case 9) distally (Fig. 3A). This represents a region of â€”9cM within
6q14â€”21. Allelic losses affecting SRO1 were detected in 24 of 46
(52%) MMs analyzed. In case 2, the breakpoint between D6S275 and
D6SSOI could be important in defining further either the proximal or

distal boundary of SRO1 . However, because the intermediate micro
satellite markers (D6S300, D6S492, and D6S249) are uninformative,
we have not used case 2 to delineate either boundary of SRO1. A
second region of deletion, SRO2, also appears to be common in MM.
The proximal boundary (D6S301) of SRO2 is defined by breakpoints
in cases 3 and 8, whereas the distal boundary (D6S474) is defined by
a breakpoint in case 7. SRO2 was deleted in 26 of46 cases (56%). The
distance between D6S301 and D6S474 is â€”8cM, and D6S301 has
been localized to 6q16.3â€”21. The third minimally deleted region,
SRO3, is defined by an interstitial deletion in case 11 (Fig. 3C). SRO3
is flanked by D6S1039 proximally and by D6S1038 distally. These

two markers, which are separated by â€”10cM, reside within 6q2lâ€”
23.2, based on the known chromosome band location of flanking
markers. LOH within SRO3 was detected in 25 (54%) cases. A fourth
discrete region of deletion, SRO4, is defined proximally by the
terminal deletion in case 4 and distally by the deletion in case 10 (Fig.
3D). SRO4 lies between D6S441 and D6S1008, a region of â€”13 cM.
Losses affecting this region were observed in 26 cases (57%). On the

basis of the position of markers adjacent to D6S441 and D6S1008,
SRO4 is probably located within band 6q25.

Individual cases exhibited either a single SRO or more than one
SRO (Fig. 1). Loss of either SRO1 or SRO2 alone was not observed.
Loss of only SRO3 was detected in case 1 1; loss of SRO4 alone was

detected in one case (case 4). Losses of both SRO1 and SRO2 were
detected in one case (case 7). SRO2 and SRO4 were both lost in case
5. SRO2, SRO3, and SRO4 were deleted together in case 3. Six cases

D6S283

D6S250

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/18/4057/2464633/cr0570184057.pdf by guest on 19 M

ay 2023



DELETION MAPPING OF 6q IN HUMAN MESOTHELIOMA

ABCDD6S251â€¢

â€¢D6S301D6S1039â€¢â€¢D6S300â€¢D6S474â€¢D6S300â€¢D6S301â€¢D6S249D6S474â€¢

BC

ARG1

S

,lI( D6S262

S

D6S1038
S

Case 7

in a series of MMs (36), which included the 46 cases reported here.
Among the 28 cases demonstrating LOH involving 6q, 23 (82%) also
had losses involving lp markers. Of the 18 cases with retention of
heterozygosity for all 6q markers, 8 (44%) had LOH from Ip. Thus,
deletions from 6q and Ip frequently occur in combination in MM.

In addition to the finding of a high frequency of allelic loss from 6q
in MM, this study has delineated four nonoverlapping regions of
deletion, suggesting that there are multiple TSGs within 6q, the
inactivation of which may be important in the pathogenesis of at least
some MMs. Losses from each of these regions were observed in a
similar proportion (52â€”57%)of cases and occurred independently of
each other or together in the same tumor. On the basis of the map
positions of the microsatellite markers used in this study, the regional

deletions of 6q in MM involve 6ql4â€”21 (SRO1), 6ql6.3â€”21 (SRO2),
6q2lâ€”23.2 (SRO3), and 6q25 (SRO4). It is noteworthy that each of
the SROs that we have defined coincides with peaks in the frequency
of LOH at individual loci, e.g., D6S492 at SRO1 and ARGI at SRO3
(Fig. 1).

Alternate explanations of the data presented in Fig. 1 may also be
valid. SRO1, SRO3, and SRO4 are defined by nonoverlapping dele
tions in cases 7, 11, and 4, respectively. However, SRO2 is defined by
data from cases that also have losses involving other SROs, some of
which have complex rearrangements (cases 5, 8, and 9). Because it
cannot be presumed that every portion of a single chromosomal loss
is important in TSG inactivation, LOH involving SRO2 may target a
TSG within one of the other SROs in chromosome 6. Similarly, the
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Fig. 3. Representative autoradiographs showing allelic band patterns at critical breakpoints that define four minimal regions of deletion of 6q in MM. A, retention of heterozygosity
at D6S251 and allelic loss at D6S300 in case 6 define the proximal boundary of SROI. The distal boundary of this region is delimited by LOH at D6S300 and retention of heterozygosity
at D6S249 in case 9. B, the proximal boundary of SRO2 is defined by case 3, which retains heterozygosity at D6S301 but shows LOH at D6S474. LOH at 1)65301 in case 7 and retention
of heterozygosity at D6S474 marks the distal boundary of SRO2. C, retention of heterozygosity at 1)651039 and D6S1038 and allelic loss at the intermediate loci D651040, ARGJ,
and D6S262 in case I I define the boundaries of SRO3. D, in case 4, retention of heterozygosity at D65441 together with LOH distally at D6S415 delineate the proximal breakpoint
of SRO4. LOH at D6S415 and retention of heterozygosity at D6SIOO8in case 10 define the distal boundary of SRO4. Case numbers are shown throughout. Alleles recognized by
microsatellite markers are indicated (â€¢).Arrowheads, LOH. B (above panels). normal DNA from peripheral blood; T, primary tumor DNA; C. tumor cell line DNA.
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distal limit of SRO4 is defined by the deletion seen in case 10.
However, if the actual target of the deletion in case 10 is a TSG within
a more proximal region of 6q, then the extent of SRO4 would be
delimited by the terminal deletion in case 4, which does not overlap
any other SRO. Taking into account all possible interpretations of the
data, it is clear that there are at least three distinct regions of non
overlapping deletions of chromosome 6 in MM defined by cases 4, 7,
and 11. All other deletions overlap with one or more of these regions,
but these more complex deletions may not help to pinpoint the critical
sites of chromosomal loss.

Similar findings of three or more regions of 6q deletion have been
reported in other tumor types such as breast cancer, ovarian cancer,
and NHL (13, 17â€”19).Indeed, a recent study by Theile et a!. (18) also
described four independent regions of 6q deletion in breast cancer.
The observation that an identical region is deleted in more than one
form of cancer would suggest that the same putative TSG may be
inactivated in different malignancies, an example being loss of
CDKN2/MTSJ/p16 in multiple tumor types (37, 38). In this respect, it
is interesting that, based on consensus DNA marker maps, each of the
four regions of 6q deletion that we have defined in MM overlaps with
the deleted regions reported in breast cancer (14, 16â€”18).In addition,
our SRO1 and SRO4 also overlap with two independent regions of
deletion described in ovarian cancer (19, 20, 22). A recent report of Ã´q
deletions in prostate cancers defined a minimal region of deletion
between D6S251 and D6S283 (39), which therefore spans the SROI
reported here. Moreover, the regional deletions we have delineated in
MMs may overlap with the minimally deleted regions in 6q2l, 6q23,
and 6q25â€”27observed in NHL (13).

Consistent with the findings reported here, microcell-mediated
chromosome transfer experiments have demonstrated that the regions
6q14â€”21(40), 6q21â€”23,and/or 6q26â€”27(41) can each cause rever
sion of the tumorigenic phenotype in ovarian and breast cancer cells,

respectively. Recently, Theile et a!. (18) reported that microcell
mediated transfer of chromosome 6 into breast cancer cells resulted in
reversion of tumorigenicity, and it is possible that the fragment of
chromosome 6 that they determined to be critical for this reversion
may extend into the region that we have defined here as SRO4.

In conclusion, we have shown that genomic losses within chromo
some arm 6q are common in MM, and we have defined four regions
of deletion involving markers within 6q14â€”21, 6q16.3â€”21, 6q2lâ€”
23.2, and 6q25. Each of these sites overlaps with regions of deletion
reported previously in breast cancer and NHL. In addition, SROI
overlaps with deletions reported in ovarian and prostate cancer, and
SRO4 also overlaps with a deletion in ovarian cancer of the serous
subtype (19). Therefore, the putative TSGs within 6q that we hypoth
esize are important in at least some MMs may also be involved in the
pathogenesis of other malignancies. Future investigations to delineate
further the critical regions of 6q deletion in MM will serve as a
valuable resource for the eventual cloning and identification of the
putative TSGs that are important in this and perhaps other malignan
cies as well.
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