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Table 2 LOH in DAP-resistant T-cell clones from APRT heterozygotes

LOH of MR markers on chromosome 16 in DAP' cells. Zygosity was assayed by PCR with locus-specific primers followed by electrophoresis in 5% denaturing polyacrylamide
gels. The most likely cytogenetic localization (21-24) of each repeat is shown above its designation (e.g., D165283). A filled circle indicates no LOH, whereas an empty space indicates

observed LOH.
A. Father, family 1

Cytogenetic location

16p13.3 qil.2 qll.2 ql2.1 ql2.1 ql3 ql3 q24.2 q24.3 q24.3 q24.3
No. of DAP* clones No. of independent mutations” (S283) (S298) (SPN) (S261) (S308) (S186) (S398) (S422) (S305) (S413) (APRD
1 1 [}
18 17 [ [ ] [ ]
1 1 [ J [ J [ J [ J
6 6 [ [ J [ J [ [ J
17 16 [ [ J [ J [ J [ J [ ] [ ]
5 5 [ J [ J [ J [ J [ J [ J [ J [ J [}
4 4 [ J [} [ J [ J [ J [ J o [ J [ J [ J
15 15 [ ] [ J [ J [ J [ J [ J [ [ J [ J
B. Mother, family 1
Cytogenetic location
16p11.2 ql2.1 ql3 q22.1 q24.2 q24.2 q24.3 q24.3 q24.3 q24.3
No. of DAP" clones No. of independent mutations” (5420) (S261) (5265) (S421) (5422) (S402) (S305) (S413) (APRT) (8303)
1 |
4 4 [ [ [}
1 1 [ ] [ ] [ J [ ]
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1 1 [ J [ J [} [ J [ J [ J
1 1 [ J [ J [} [} [ ] [} [ [}
4 4 [ J [ J [ ] [ [ [ [ [ ] [ J [ J
“ Number of independ ions by TCR analysis (65 of 67).

bP' h

of independ ions by TCR analysis (13 of 13).

copies of the chromosome 16 centromeric region was confirmed by FISH with
D16Z2, a chromosome 16-specific a-satellite probe (Oncor, Gaithersburg,
MD) as described above (28). At least 10 metaphases for each clone were
visualized by FISH.

RESULTS

Comparison of APRT and HPRT Mutant Frequencies. The
APRT and HPRT mutant frequencies in two unrelated APRT-deficient
families (father, mother, proband, and control) are shown in Table 1.
As expected, T cells from both the APRT /"~ children exhibited about
the same colony-forming efficiency in DAP medium as in drug-free
medium, indicating optimal selection conditions for APRT /" clones.
The 4 heterozygotes showed frequencies ranging from 21 X 1075 to
154 X 107, a difference of about 7-fold. The frequencies of HPRT~
clones in the same individuals (except for the father in family 2, who
exhibited an unusually high frequency of 50 X 107°) varied within a
2-5-fold range and are consistent with extensive previous data (19,
20). Thirteen clones from the mother and 67 clones from the father
from family 1 were propagated for LOH and mutation analyses.

Analysis of Heterozygosity. LOH of D165413 was observed in 48
clones from the father, and retention of heterozygosity was observed
in the remaining 19 clones. Subsequent analysis of the 19 clones by
Taql RFLP indicated the retention of both APRT alleles in 15 clones
and the retention of only 1 allele in 4 clones, suggesting a chromo-
somal LOH of less than 5.5 cu in the latter group. Therefore, these 4
clones were grouped with the 48 DAP-resistant clones with LOH for
at least D16S413 (e.g., multilocus LOH). The 15 clones retaining both
APRT alleles were analyzed for intragenic point mutations (see be-
low). The 52 clones (48 with LOH of D16S413 and 4 with LOH for
APRT) were tested with additional MRs. As shown in Table 24, LOH
in these clones encompassed variable lengths of 16q (23). When LOH
was observed at a particular locus, the same allele was lost in all
instances, consistent with LOH of only those alleles that are physi-
cally linked to the normal APRT in this particular heterozygote.
Analysis of TCR gene RFLPs indicated that 65 of 67 clones from the
father are likely to be the result of independent mutations (Table 24).

Thirteen DAP-resistant clones from the mother in family 1 were
analyzed as described above. Because D16S303 was informative in
this individual, we derived data concerning LOH distal to APRT. One
clone did not show LOH for D16S413 (which is 4 cm proximal to
APRT), and four clones did not exhibit LOH for either APRT or
D16S303. DNA sequencing indicated point mutations in all four
clones without APRT LOH (see below). As shown in Table 2B, LOH
in the remaining nine clones encompassed variable lengths of 16q (22,
23). When LOH was observed at a particular locus, the same allele
was lost in all instances, as was the case with the father. TCR gene
analysis indicated that each of the 13 clones is the result of an
independent mutation (Table 2B).

Chromosome Analysis of Clones with Allelic Loss. GTG-
banding revealed a normal karyotype (46,XY) in all 10 DAP-resistant
clones from the father in family 1 (data not shown). FISH analysis
indicated the presence of 2 APRT alleles in 9 clones that exhibited
LOH for APRT and D16S413 and the presence of only 1 allele in the
remaining clone (29 of 33 metaphases). The clone exhibiting only one
APRT allele (clone F16) was one of four in which LOH did not
include D165S413. Fig. 2 shows a typical FISH metaphase from clone
F16. Because D16S303, which is distal to APRT, was not informative
in this individual, we could not determine the extent of allelic loss in
the telomeric region of 16q. However, karyotype analysis of these 10
clones did not suggest terminal deletions. These results, along with the
MR LOH data, suggest that interstitial deletion occurred in only 1 of
the 10 clones that were cytogenetically analyzed and that multilocus
LOH in the other 9 clones was not a consequence of 16q deletion or
deletion and translocation.

Clones with Point Mutations. As indicated above, 15 clones from
the father and 4 clones from the mother in family 1 did not show LOH
for APRT or flanking markers. DNA sequencing of the previously
wild-type APRT alleles in these clones revealed point mutations in
nine clones from the father and in all four clones from the mother. The
results are summarized in Table 3. There were four pairs of clones that
exhibited the same point mutation, but in each case, TCR gene
rearrangement analysis indicated that the mutations were of independ-

1190

Downloaded from cancerres.aacrjournals.org on January 16, 2021. © 1997 American Association for Cancer
Research.


http://cancerres.aacrjournals.org/

LOSS OF HETEROZYGOSITY AND MITOTIC RECOMBINATION

Fig. 2. Metaphase from clone F16 that exhibits
only APRT LOH. Only a single hybridizing region
was observed (arrowhead). FISH with an APRT-
containing cosmid was performed as described in
“Materials and Methods.”

ent origin. The entire APRT gene was sequenced in one of the six
clones from the father that exhibited no mutation. In the other five
clones that exhibited no mutation, only the coding regions and splice
junctions were sequenced.

Clonal Origin of Mutant Clones. A comparison of TCR gene
rearrangement RFLPs and the nature of mutation in DAP-resistant
clones revealed that most clones (78 of 80) were the result of inde-
pendent mutations. Several groups of clones, however, merit com-
ment. For example, two clones yielding identical TCR gene rearrange-
ment patterns exhibited two different mutations (point mutation and
allelic loss, respectively). Among three clones with identical TCR
RFLP patterns, allelic losses of two different sizes and a point muta-
tion were observed. These five clones (6%) may represent oligo-
clonality of mutants (two or more mutants with the same TCR gene
rearrangement pattern). This estimate of oligoclonality is similar to
that reported for HPRT mutations (29). There were two pairs of clones
(5%) with identical TCR gene rearrangement RFLPs and identical
mutations, and they are likely to represent true sibling clones.

DISCUSSION

We have developed an assay for determining the mechanisms of in
vivo LOH in normal human T cells based on individuals that are
heterozygous for a selectable telomeric marker (APRT) and MR

Table 3 APRT point

markers along the length of chromosome 16. Because these heterozy-
gotes are the parents of APRT-deficient probands, the germ-line
mutation in each is known (15, 17). The focus of this study is in vivo
somatic mutations that arise spontaneously in the T cells of these
heterozygotes and produce LOH. T lymphocytes are well suited to
these studies because they can be easily obtained from peripheral
blood and propagated in vitro as clones from a single cell that has
previously undergone in vivo somatic mutation. Furthermore, as was
shown in this study and previously (6), T lymphocytes grown in vitro
maintain a normal karyotype. We have also measured the frequency of
mutation at the X-linked HPRT locus in the same individuals for
comparison to the APRT data. Furthermore, we have used polymor-
phic MR markers to initially identify DAP-resistant clones with
either chromosomally extensive or localized LOH. Subsequently,
the clones were further characterized with additional CA repeat
markers, FISH analysis, and DNA sequencing of APRT. Therefore,
this assay could discriminate between most types of mutational
changes that produce in vivo LOH and thus provide insight into
molecular mechanisms.

Among 80 DAP-resistant T-lymphocyte clones from two heterozy-
gotes, 61 (76%) were a consequence of allelic loss. Of the remaining
19 clones, 13 were demonstrated to be and 6 are likely to be the result
of point mutations in APRT. Despite a 7-fold higher frequency of

in DAP-r

T-cell clones

DAP’ clones were analyzed for either an informative Tagl restriction fragment polymorphism (25) or flanking polymorphism (26) to determine whether or not there had been LOH
of APRT. In 13 of 19 clones without LOH of APRT, specific point mutations could be identified within APRT. No mutations were observed in six clones. F and M indicate clones from
the father and mother in family 1, respectively. The intron/exon, codon, and nucleotide numbers of the protein coding regions of APRT are as described previously (27).

Clone No. of independent mutations” Mutation Intron/exon no. Codon Nucleotide no. Change
F2, F10 2 C=>T El 7 19 CAG = TAG, Arg = Stop
M5, M14 2 G>A E2 37 272 GCC = ACC, Ala = Thr
F33 1 del CC E2 56-57 331-332 Frameshift
Mll 1 A>C E2 62 349 Splice error
M4 1 C>A 13 1331 Splice error?
F28, F42 2 G>A E3 84 1406 GTG = ATG., Val = Met
F30 1 G>A E3 107 1477 Splice error
F63 1 G>A E4 126 1806 GTG = ATG, Val = Met
F19, F41 2 C>T E5 135 2063 ACC = ATC, Thr = lle
“ Number of independ ions by TCR analysis.
1191

Downloaded from cancerres.aacrjournals.org on January 16, 2021.

© 1997 American Association for Cancer

Research.


http://cancerres.aacrjournals.org/

LOSS OF HETEROZYGOSITY AND MITOTIC RECOMBINATION

mutant clones in the father as compared to the mother in family 1
(Table 1), the fraction of clones due to large chromosomal events was
relatively constant (0.77 and 0.69, respectively) in each. These results
are similar to our observations in T cells from three Japanese APRT
heterozygotes (17). The frequency of loss of APRT alleles is consist-
ent with that observed at other loci. LOH of approximately 73% was
observed in primary retinoblastomas (30). Spontaneous tk-deficient
clones from a heterozygous human TK6 lymphoblastoid cell line
exhibited a 71% frequency of LOH (31). As expected, hemizygous
Aprt in CHO cells exhibited a lower (43%) spontaneous frequency of
allelic loss (32). Although the proportion of mutant cells due to allelic
loss may be similar in vitro and in vivo, the relative frequencies of
mutants due to particular molecular mechanisms may differ. For
example, karyotypic instability, including chromosome loss and trans-
location, may be a major cause of DAP-resistant clones in APRT"/~
human heteroploid MR12-1 fibrosarcoma cells (33).° High frequency
of APRT LOH has also been reported in human TK6 lymphoblasts,
but in 36 of 38 clones it began at 16q12, and translocations were
detected in 20% of clones (34).

Linked recessive lethal alleles likely play a key role in limiting the
extent of allelic loss in cells. A study of two clonally related cell lines
indicated that one had a much higher rate of LOH (96% of clones)
than the other (47% of clones). Furthermore, LOH was observed to
extend 98 cm in the former but only 4 cu in the latter. These results
were explained by postulating a relatively essential heterozygous gene
whose normal allele is linked to the normal ¢k allele in the cells with
reduced LOH (12-14). The initial observation of no deletions distal to
APRT in human SW620 cells and an open reading frame downstream
of APRT that was noted by our group (Genbank accession number,
U04709)7 led to the description of a unique heterozygous transcribed
gene downstream of APRT, in the opposite orientation (11). This gene
is postulated to provide a function that is essential to cellular survival.
Allelic loss extending through all regions of 16q in our T-cell clones
would suggest the absence of a heterozygous recessive lethal gene
whose normal allele is linked to the functional APRT allele in these
two individuals. Also, the similar proportions of clones with point
mutations or larger chromosomal events from the mother and father in
family 1 suggest that the observed 7-fold difference in mutation
frequency is not due to linked recessive lethal genes.

Mitotic recombination seems to be the major pathway for in vivo
LOH. All 10 DAP-resistant clones with variable allelic loss, encom-
passing primarily APRT and the distal portion of 16q up through most
of 16q, showed normal chromosomes, and nine clones showed two
APRT alleles by FISH. The only plausible explanation for these data
is mitotic recombination because gene conversion is not known to
affect such large regions. At least one maternal clone, however, is
likely due to whole-chromosome loss or translocation because it also
exhibited LOH for a marker on 16p (Table 2B). Mitotic recombination
also seems to produce about 30% of lymphocytes that have lost the
expression of one codominant HLA-A allele on chromosome 6 (35).
Furthermore, we have observed that mouse primary fibroblasts exhibit
a high frequency of Aprt LOH that is mostly due to mitotic recom-
bination.® Thus, the phenomenon is not restricted to T lymphocytes.

The observation of high-frequency mitotic recombination in normal
cells has significant implications for the etiology of cancer. It suggests
that LOH caused by mitotic recombination may trigger carcinogenesis
or at least be an early event in this process. Several groups have
reported LOH for at least two regions of 16q in about 50% of primary

6 C. Shao, P. K. Gupta, Y. Sun, A. Sahota, and J. A. Tischfield, Complex chromosomal
mechanisms lead to APRT loss of heterozygosity in heteroploid cells. Cytogenet. Cell
Genet., in press.

7S. A. Boyadjiev, A. Sahota, and J. A. Tischfield, unpublished observations.

8 C. Shao and J. A. Tischfield, unpublished observations.

breast cancers (36-38). LOH for D16S413 was shown to be 25% for
ductal carcinoma in situ, a preinvasive lesion, and 43% for invasive
ductal carcinoma, suggesting that LOH of 16q24.3 is an early event in
the development of breast cancer (39). There are a number of common
fragile sites located on 16q that have been implicated in allelic loss
during carcinogenesis. For example, in human hepatocellular carci-
noma, LOH is common between 16q22.1 and 16q22.3-q23.4 (40).
We speculate that LOH in 16q in T cells is without phenotypic
consequence because T cells are inherently apoptotic or because genes
on 16q that are involved in breast cancer are not active in T cells.

Because LOH encompasses different regions of 16q in our DAP-
resistant T-cell clones as a consequence of mitotic recombination that
seems to begin within different chromosomal regions, a set of such
clones could be used to establish the order of polymorphic loci on 16q.
With a sufficient number of loci, a map of the distances between loci,
based on mitotic recombination, could be produced and compared to
the meiotic map. Our T-cell data suggest an order for polymorphic CA
repeats that is consistent with their known chromosomal locations, as
indicated in the top row of Table 2, A and B (22). Whether or not
events other than mitotic recombination skew the data is not known.
It would be of interest to examine LOH due to mitotic recombination
in individuals with different heterozygosity for flanking markers and
in different tissues.
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