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Loss of heterozygosity in tumor cells requires re-evaluation: the data are
biased by the size-dependent differential sensitivity of allele detection
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Abstract Normal tissue contamination of tumors may eclipse
the detection of loss of heterozygosity (LOH) by microsatellite
analysis and may also hamper isolation of tumor suppressor
genes. To test the potential impact of this problem, we prepared
artificial mixtures of mouse-human microcell hybrid lines that
carried different alleles of the same chromosome 3 marker. After
performing an allele titration assay, we found a consistent
difference between the LOH of a high molecular weight (H)
allele and the LOH of a low molecular weight (L) allele of the
same CA repeat marker. It follows that normal tissue admixtures
will be less of a problem when LOH affects a H allele than with a
L allele. Random screening of 100 papers published between
1994 and 1999 revealed that the loss of a L allele was recorded at
about half the frequency (52%) of loss of a H allele. To avoid this
bias, we have developed rules for the evaluation of LOH data.
We suggest that the loss of a L allele should be given more weight
than the loss of a H allele in LOH studies using microsatellite
markers.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Loss of heterozygosity (LOH) is frequently used as an in-
dicator of genetic loss associated with tumor development and
CA repeat analysis using polymorphic microsatellite markers
is often the method of choice for LOH detection. LOH studies
performed on the same chromosomal region of the same type
of tumors have often led to different results in different labo-
ratories. Reports differ, for example, on the extent of 3p losses
in renal cell carcinoma (RCC) and other solid tumors, with
some papers reporting large terminal deletions and others
claiming interstitial deletions [1,2]. Reports of the frequency
of LOH can also differ for the same marker in the same type
of tumor. For instance, D3S1289 was deleted in only 20% of
RCC cases studied by Lubinski et al. [3], but in all the cases
studied by Wilhelm et al. [4]. Foster et al. [5] reported deletion
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heterozygosity; MCH, mouse-human microcell hybrid line; NPC, na-
sopharyngeal carcinoma; RCC, renal cell carcinoma

of marker D3S1317, the VHL gene, in only 20% of cases,
whereas 84% of the cases studied by Shuin et al. [6] showed
deletion of this marker.

The admixture of stroma, blood vessels, lymphocytes and
other normal cells in a tumor is an unavoidable source of
error in LOH studies of solid tumors. If different markers
are affected to varying degrees by this admixture, spurious
LOH patterns may be obtained. We were alerted to this prob-
lem in a previous study of nasopharyngeal carcinoma (NPH)
[7]. Multiple interstitial deletions were found on the short arm
of chromosome 3 in several tumors, chromosome 3 markers
were lost with frequencies that ranged from 9 to 60% of the
cases. We have referred to this effect as the ‘zebra pattern’.
The question arose whether this pattern is an artifact and
reflects differences in the sensitivity of detection with different
markers (where one marker is more affected by normal tissue
contamination than another) or reflects true cases of intersti-
tial deletions.

In the study of NPC [7], we compared the sensitivity of
detection of three dinucleotide markers (D3S1217, D3S1297
and D3S1304) by PCR. These markers were selected because
they showed different frequencies of LOH in the study (58%
for D3S1217, 33% for D3S1297 and 9% for D3S1304). After
serially diluting the human DNA with mouse DNA and am-
plifying the DNA using different primers, no major differences
in sensitivity were detected. The aim of the present study was
to investigate this problem in more detail.

2. Materials and methods

2.1. Cell lines, DNA samples and general methods

DNA was extracted from the mouse-human microcell hybrid
(MCH) lines using the standard phenol extraction method and used
in the allele titration assay (ATA) [8,9]. The cell lines MCH903.1 and
MCH939.2 were used for most of this study. MCH903.1 is a MCH
line that contains a single copy of human chromosome 3, derived
from a normal human diploid cell line (HFDC), as its only human
component [8,10,11]. The MCH939.2 cell line [8,10,11] originally con-
tained a cytogenetically normal chromosome 3 (derived from a nor-
mal human diploid cell line HHWI1108), but now carries a small
deletion in the short arm of this chromosome (3p21.3-p22).

Paired normal and tumor RCC tissue samples were obtained im-
mediately after resection and stored at —80°C before DNA extraction.
Each tumor piece was examined histopathologically and only clear
cell type tumors were used. After DNA extraction, the DNA integrity
was checked by agarose gel electrophoresis.

2.2. Microsatellite analysis

PCR primers were from Nordic Primer Resource (Dept. of Clinical
Genetics, Univ. Hospital, Uppsala, Sweden) and Life Technologies
(Gibco BRL, UK). PCR markers used in the study are assigned (hy-
perlink http://gdbwww.gdb.org/) to 3p26-p25 (D3S1297, D3S1038,
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D3S1317, D3S1304 and D3S1286), to 3p24 (D3S1620, D3S1283), to
3p22 (D3S1611, D3S1298, D3S3527), to 3p21 (D3S1568, D3S2420,
D3S2409, D3S2456, D3S1767, D3S1766, D3S1289), to 3pl4
(D3S1285, D3S1217), to 3pl3 (D3S2454), to 3pl2 (D3S2406), to
3q13 (D3S1278), to 3q21-3q25 (D3S47), to 3q27 (D3S1265) and to
3g28 (D3S1314 and SST).

PCR was performed in a 15 pl reaction volume, containing 2.5-5.0
pmol of each primer, 0.2 mM of each dNTP, 50-200 ng template
DNA and 1 U Tag DNA polymerase. One of the paired primers
(0.25 pmol) in the reaction mixture was end-labelled with [y->>P]JATP
using T4 polynucleotide kinase. The DNA samples were amplified by
30 PCR cycles comprising 1 min denaturation at 94°C, 1 min at the
appropriate annealing temperature and 1 min at 72°C, in a Techne
PHC-3 thermal cycler and Perkin Elmer GeneAmp PCR System 2400
(Foster City, CA, USA).

According to the size of microsatellite marker, electrophoresis was
carried out in a 4.5-6.5% acrylamide/7 M urea gel at 60°C at a con-
stant power of 60 W. After electrophoresis, the gels were exposed to
X-ray film at —80°C (Fuji, Tokyo, Japan). Densitometry was then
performed using a Molecular Dynamics Personal Densitometer SI
(Sunnyvale, CA, USA) according to the manufacturer’s protocol.

3. Results and discussion

3.1. ATA studies

Using the five available MCH lines that contained chromo-
some 3 from different patients [8,9], we performed an ATA
using DNA samples mixed in a ratio that mimicked the mixed
cell population found in tumor biopsies. DNA from two
MCH lines that carry different alleles at specific loci was
mixed in different proportions and then analyzed by PCR
using six microsatellite markers (D3S1217, D3S1283,
D3S1289, D3S1297, D3S1304 and D3S1317) distributed along
the short arm of chromosome 3. Some of these markers were
also used in our previous study [7].

All markers gave very similar titration curves in the ATAs
(e.g. D3S1304 and D3S1217, Fig. 1). This is consistent with
our conclusion from our previous study [7] that different
markers are detected with similar sensitivities. However, anal-
ysis of the data indicated an unexpected systematic difference
between the titration curves of the high and low molecular
weight (H and L) alleles of the same marker (Fig. 1). A de-
crease of the H allele signal could be detected if the frequency
of the ‘contaminating normal cells” was less than 80% (60% or
more of the L allele). In contrast, loss of the L allele could
only be detected if the frequency of the ‘contaminants’ was
less than 60% (70% or more of the H allele).

All the assayed markers showed a similar allele detection
asymmetry, although to various degrees. The reasons for this
asymmetry may be related to the non-linearity of the radio-
autographic signal on X-ray films (as described in the Amer-
sham Catalogue), although a number of other factors may
contribute to this phenomenon, for example, the stronger sig-
nal of the L allele compared with the H allele. Using DNA
isolated from three healthy individuals, we measured the ratio
between the L and H alleles of eight random CA repeat
markers (D3S1265, D3S47, SST, D3S1278, D3S1314,
D3S1297, D3S1611 and D3S1620). In all cases, the ratio of
these alleles was higher than 1, with an overall average ratio
of 1.73. This is surprising: usually, sequences amplified with
the same PCR primers producing products with minimal dif-
ferences in length (e.g. 250 and 254 bp) would not be expected
to exhibit different PCR amplification rates. Conceivably, Tag
polymerase may not discriminate between amplification prod-
ucts of 250 and 254 bp, but may discriminate between (CA),
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Fig. 1. Microsatellite analysis of six CA-polymorphic markers.
DNAs for ATA were obtained from MCH lines [8-11]. Lanes 1-9
contain from 10 to 90% of DNA with H allele, respectively. The
upper part of the figure shows correlation between the content of H
and L alleles and ‘tumor/normal DNA’. The loss for allele H could
be unambiguously detected up to 60% of normal cell admixture, but
not at 80% or more. In contrast, loss of the L allele could only be
detected if the normal cell admixture was less than 40%. It could
not be observed at 60% or more. This bias implies that normal cell
admixture obscures the detectability of LOH from tumor cells to a
different extent, depending on whether the loss affects the L or the
H allele of the same locus.

and (CA),.2 repeats. This may be related to the ‘slippage’ of
Taq polymerase (as well as other DNA polymerases) when it
amplifies stretches of simple nucleotide repeats. It has also
been noted that simple repeats can cause replication blockage
in vivo [12]. Stronger signals for the L allele have also been
mentioned earlier [13,14].

The existence of shadow bands (generated when Tagq poly-
merase slips over short tandem repeats thus producing shorter
products) may be another factor affecting the asymmetry of
allele detection. Shadow bands from a H allele may increase
the strength of a L allele. We measured the signal intensity of
H and L bands of all the markers tested in this study, using a
Molecular Dynamics Personal Densitometer SI. For the dilu-
tions in which the proportion of H allele was 10-50%, the
ratio of signal intensity (HR =H/L) between H and L was
calculated for five points (1 =10% of H and 90% of L allele,
2=20% of H and 80% of L, etc.). For the DNA ratios where
the L allele represented 10-50% of the mixed DNA sample,
the ratio of signal intensity between the L allele and the H
allele (LR =L/H) was given a similar point score (1=10% of
L allele, etc.). The ratio between LR and HR was calculated
for each of the five points, for all markers.
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Fig. 2. Summary data from the dilution experiments. They are shown together with theoretical curves representing the deletion of one allele at
different proportions of H and L alleles. For example, 10% of one allele in our dilution experiments corresponds to 20% of contamination of
tumor with normal cell DNA. The figure shows the differences between H and L allele detection at the same level of normal DNA contamina-
tion and indicates the informative zone where LOH is clearly detectable, a non-informative zone where it cannot be detected, and a risk zone

where its detectability is ambiguous.

The ratio of LR to HR was maximal when the mixed DNA
sample contained 20-30% of either of the two alleles (Fig. 1,
lanes 2 and 3 compared with lanes 7 and 8). This range de-
fined the zone of highest sensitivity for the detection of H
allele loss compared with L allele loss, suggesting that in
samples that contain 40-60% normal cells, H allele loss may
be detected, but L allele loss may be missed. Normal cell
admixtures, therefore, may obscure the detection of LOH in
tumors to a varying extent, depending on whether the loss
affects the L or the H allele of the same locus. In Fig. 2,
the data from the mixed DNA samples are presented with
the theoretical curves for allele deletion in the presence of
varying proportions of H and L alleles. For example, 10%
of one allele in the mixed DNA sample corresponded to
20% normal cell DNA contamination of the tumor sample,
20% of either L or H alleles in the DNA mixture corre-
sponded to 40% normal cell contamination, etc.

Fig. 2 shows the differences between detection of the H and
L alleles at the same normal DNA contamination levels. Loss
of the H allele could be unambiguously detected in the mixed
DNA samples containing up to 60% of normal cell DNA, but
H allele loss could not be detected when the normal cell DNA
represented 80% or more of the sample. In contrast, loss of
the L allele could only be detected when the normal cell ad-
mixture represented 40% or less of the sample. L allele loss
could not be observed when the normal cell admixture formed
60% or more of the DNA sample.

Fig. 2 indicates a series of zones. The first zone represents
the informative region of the curve, where LOH can be clearly
detected. A non-informative zone, where LOH cannot be de-
tected, and a risk zone, where detection of LOH is ambiguous,
are also apparent. In LOH analysis of real tumor samples, it is
not known whether the H or the L allele of a given marker is
deleted. As tumors may carry 20-60% admixed normal cells,

many cases will be in the risk zone. The upper limit of the risk
zone for the L allele is usually 40%, but in some cases may be
as low as 20%. In these cases, the risk zone may be signifi-
cantly greater. This implies that unambiguous LOH data can
only be obtained from samples containing less than 20% con-
taminating material and the probability of detecting a LOH in
the presence of contaminating normal cells is higher with re-
gard to the H allele compared with the L allele.

3.2. Difference in detection of allele losses and three rules for
LOH analysis

If the bias described in this study has influenced the LOH
studies of solid tumors, we would expect that losses of the H
allele were more frequently detected than losses of the L allele.
We have checked 100 randomly selected papers published
between 1994 and 1999 that included LOH studies. Table 1
shows the reported loss of the H allele versus the L allele.
Altogether, the studies report 530 cases with deletion of the
H allele and 275 cases with L allele deletions. Statistical anal-
ysis of these results based on z approximation (z=28.95) of a
binominal test (two-tailed P <<0.00001) showed that the ob-
served difference in detection of allele loss is highly significant.
For comparison, at z=4, P is less than 0.00003. These results
suggest that about 50% of the L allele deletions in tumor
samples may go undetected.

Our preliminary data suggest that the conclusions drawn
for dinucleotide markers also apply to trinucleotide and tet-
ranucleotide markers. We analyzed our recently published
data of deletion mapping of 3p in different epithelial tumors
[115] using trinucleotide and tetranucleotide markers for a
total of seven loci. We found that, in epithelial tumors, L
allele deletions were also detected less frequently than H allele
deletions (99 of L allele loss versus 142 of H allele, z=2.7,
P =0.0035). Although this study of epithelial tumors was not
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Table 1 Table 1 (continued)
Frequencies of losses of H versus L alleles Frequencies of losses of H versus L alleles
Study no. Number of Number of Reference Study no. ~ Number of Number of Reference
H allele losses L allele losses H allele losses L allele losses
1 4 2 [15] 72 8 2 186]
2 1 3 [16] 73 12 7 [87]
3 8 5 [17] 74 2 2 [88]
4 4 1 [18] 75 5 5 [89]
5 3 2 [19] 76 3 1 [90]
6 6 6 [20] 77 2 2 [91]
7 6 3 [21] 78 10 6 [92]
8 6 3 [22] 79 4 2 [93]
9 5 4 [23] 80 3 2 [94]
10 6 2 [24] 81 4 3 [95]
11 2 2 [25] 82 6 1 [96]
12 5 3 [26] 83 12 5 [97]
13 5 3 [27] 84 8 0 [98]
14 3 2 [28] 85 10 2 [99]
15 4 1 [29] 86 2 0 [100]
16 6 2 [30] 87 11 7 [101]
17 5 1 [31] 88 6 4 [102]
18 15 7 [32] 89 3 1 [103]
19 2 2 [33] 90 4 1 [104]
20 3 1 [34] 91 9 6 [105]
21 1 3 [35] 92 2 1 [106]
22 11 1 [36] 93 3 0 [107]
23 5 5 [37] 94 8 1 [108]
24 4 6 [38] 95 1 2 [109]
25 5 4 [39] 96 5 5 [110]
26 11 8 [40] 97 4 1 [111]
27 3 0 [41] 98 2 0 [112]
28 6 5 [42] 99 4 2 [113]
29 6 2 [43] 100 3 0 [114]
30 1 3 [44] Total 530 275
31 5 2 [45] 275:530=0.52
32 5 3 [46]
33 11 7 [47]
34 16 8 [48] very extensive, we think that the difference in H and L allele
35 3 ! [49] detection we observed is important because the tumor samples
36 5 1 [50] , ed 1s 1mpor P
37 4 1 [51] were purified by microdissection and the L to H allele ratio
38 5 1 [52] for the CA repeat markers was 58:72 (z=1.14, P=0.1217).
39 4 0 [53] On the basis of this study, we suggest to follow three rules
40 3 2 [54] for LOH analysis:
ysis:

41 6 4 [55]
42 4 3 [56] . . .
43 4 2 [57] 1. Comparative genome hybridization [116] or other inde-

endent methods (quantitative , dSouthern ridiza-
44 3 3 [58] pend hods (q itative PCR, Southern hybridi
1t p 3 [60] tion) must be used in parallel with microsatellite analysis to

exclude false ‘interstitial’ deletions.

47 6 4 61
48 7 3 {62} 2. The number of deleted H and L alleles should be counted
49 8 6 [63] for each paired sample of normal and tumor tissue. These
50 10 5 [64] numbers should be about the same.
2; i g {22} 3. Most importantly, the rule for the L allele must be taken
53 7 3 [67] into consideration during LOH analysis. This means that
54 2 3 [68] the retention of markers should be evaluated with caution,
55 11 4 [69] particularly if they are associated with interstitial deletions
56 4 2 [70] (zebra pattern). Only retained markers located in the neigh-
57 4 2 [71] . .
58 4 0 [72] borhood of the LOH involving a L allele should be eval-
59 1 5 [73] uated as significant. Otherwise, if no independent suppor-
60 4 1 [74] tive data are available, the retained marker should be
61 7 1 [75] considered non-informative.
62 3 2 [76]
23 i g g;} As an example of how these rules can influence the results
65 3 1 [79] of LOH experiments, data from the RCC analysis presented
66 4 4 [80] in Fig. 3A have been re-interpreted and are shown in Fig. 3B.
67 13 5 [81] All tumor cases (T1-T4) showed deleted, non-informative and
gg ;.1 i ES%} retained alleles (Fig. 3A,C). We concluded that T1, T2 and T3
70 D) 3 84] had a single interstitial deletion in each sample and T4 con-
71 13 2 [85] tained two interstitial deletions (Fig. 3A). However, when we
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Fig. 3. Microsatellite analysis of RCC biopsies. A: Results of LOH analysis. B: Evaluation of LOH data using the ATA rules. C: Representa-
tive examples of autoradiograms demonstrating retention and LOH in RCC samples. A deleted allele is designated by an arrow; NI, non-infor-
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calculated the number of H and L allele deletions, we found
that for T1, the ratio was 2:5, for T2 6:5 and for T3 and T4
6:0 and 5:0, respectively. The L allele deletion (D3S2420) in
T1 is close to the retained allele D3S1568 and the L allele
deletion (D3S1298) in T2 is close to the retained allele
D3S3527, suggesting that the interstitial deletions in these
cases are genuine. At the same time, L allele deletions were
not detected in T3 and T4. This suggests that these samples
might have terminal deletions (Fig. 3B). To demonstrate the
presence of the interstitial deletions in T3 and T4, other meth-
ods are required, such as comparative genome hybridization
or quantitative PCR or ATA analysis using more microsatel-
lite markers.

Although the rules suggested for LOH analysis in this study
decrease the informativeness of microsatellite analysis, they
sharply increase the confidence in informative results and
help to re-evaluate the conflicting data that have been gener-
ated from a number of laboratories.

Acknowledgements.: This work was supported by research grants from
the Swedish Cancer Society, Karolinska Institute, Royal Swedish
Academy of Science, Ake Wiberg foundation and by the Russian
National Human Genome Program. J.L. and V.I.Z. were recipients
of fellowships from the Concern Foundation in Los Angeles and the
Cancer Research Institute in New York. A.A. was a recipient of a
fellowship from Wenner Gren foundation.

References

[1] Kok, K., Naylor, S.L. and Buys, C.H. (1997) Adv. Cancer Res.
71, 27-92.

[2] Van den Berg, A. and Buys, C.H. (1997) Genes Chromosomes
Cancer 19, 59-76.

[3] Lubinski, J., Hadaczek, P., Podolski, J., Toloczko, A., Sikorski,
A., McCue, P., Druck, T. and Huebner, K. (1994) Cancer Res.
54, 3710-3713.

[4] Wilhelm, M., Bugert, P., Kenck, C., Staehler, G. and Kovacs, G.
(1995) Cancer Res. 55, 5383-5385.

[5] Foster, K. (1994) Br. J. Cancer 69, 230-234.

[6] Shuin, T., Kondo, K., Torigoe, S., Kishida, T., Kubota, Y.,
Hosaka, M., Nagashima, Y., Kitamura, H., Latif, F., Zbar, B.,
Lerman, M.I. and Yao, M. (1994) Cancer Res. 54, 2852-2855.

[7] Hu, L., Eiriksdottir, G., Lebedeva, T., Kholodnyuk, I., Alimov,
A., Chen, F., Luo, Y., Zabarovsky, E., Ingvarsson, S., Klein, G.
and Ernberg, 1. (1996) Genes Chromosomes Cancer 17, 118-126.

[8] Wang, J.Y., Zabarovsky, E.R., Talmadge, C., Berglund, P.,
Chan, K.W.K., Pokrovskaya, E.S., Kashuba, V.I., Zhen, D.,
Boldog, F., Zabarovskaya, V.I., Kisselev, L.L., Stanbridge,
E.J., Klein, G. and Sumegi, J. (1994) Genomics 20, 105-113.

[9] Kholodnyuk, I., Kost-Alimova, M., Kashuba, V., Gizatulin, R.,
Szeles, A., Stanbridge, E., Zabarovsky, E., Klein, G. and Imreh,
S. (1997) Genes Chromosomes Cancer 18, 200-211.

[10] Zabarovsky, E.R., Kashuba, V.I. and Pokrovskaya, E.S. (1993)
Genomics 16, 713-719.

[11] Zabarovsky, E.R., Kashuba, V.I. and Kholodnyuk, I.D. (1994)
Genomics 21, 486-489.

[12] Samadashvily, G.M., Raca, G. and Mirkin, S.M. (1997) Nat.
Genet. 17, 298-304.

[13] MacGrogan, D. and Bookstein, R. (1994) Genes Chromosomes
Cancer 10, 151-159.

[14] Van den Berg, A., Hulsbeek, M.M.F., de Jong, D., Veldhuis,
P.M.J.F., Roche, J. and Buys, C.H.C.M. (1996) Genes Chromo-
somes Cancer 15, 64-72.

[15] Nagai, M.A., Yamamoto, L., Salaorni, S., Pacheco, M.M., Bren-
tani, M.M., Bardosa, E.M., Brentani, R.R., Mazoyer, S., Smith,
S.A., Ponder, B.A.J. and Milligan, L.M. (1994) Genes Chromo-
somes Cancer 11, 58-62.

[16] Quinn, A.G., Sikkink, S. and Rees, J.L. (1994) Genes Chromo-
somes Cancer 11, 222-225.

[17] Hampton, G.M., Mannermaa, A., Winquist, R., Alavaikko, M.,

J. Liu et al./[FEBS Letters 462 (1999) 121-128

Blanco, G., Taskines, P.L., Kiviniemi, H., Newsham, 1., Cavenee,
W .K. and Evans, G.A. (1994) Cancer Res. 54, 4586-4589.

[18] Quinn, A.G., Sikkink, S. and Rees, J.L. (1994) Cancer Res. 54,
4756-4759.

[19] Rubio, M.P., Correa, K.M., Ueki, K., Mohrenweiser, H.W., Gu-
sella, J.F., Deimling, A. and Louis, D.N. (1994) Cancer Res. 54,
4760-4763.

[20] Ah-See, K.W., Cooke, T.G., Pickford, I.R., Soutar, D. and Bal-
main, A. (1994) Cancer Res. 54, 1617-1621.

[21] Merlo, A., Gabrielson, E., Mabry, M., Vollmer, R., Baylin, S.B.
and Sidransky, D. (1994) Cancer Res. 54, 2322-2326.

[22] Fujino, T., Risinger, J.I., Collins, N.K., Liu, F.S., Nishii, H.,
Takahashi, H., Westphal, E.M., Barrett, J.C., Sasaki, H. and
Kohler, M.F. (1994) Cancer Res. 54, 4294-4298.

[23] Shaw, M.E. and Knowles, M.A. (1995) Genes Chromosomes
Cancer 13, 1-8.

[24] Yaremko, M.L., Recant, W.M. and Westbrook, C.A. (1995)
Genes Chromosomes Cancer 13, 186-191.

[25] Hashimoto, N., Ichikawa, D., Arakawa, Y., Date, K., Ueda, S.,
Nakagawa, Y., Horii, A., Nakamura, Y., Abe, T. and Inazawa,
J. (1995) Genes Chromosomes Cancer 14, 295-300.

[26] Radford, D.M., Fair, K.L., Phillips, N.J., Ritter, J.H., Stein-
brueck, T., Holt, M.S. and Donis-Keller, H. (1995) Cancer
Res. 55, 3399-3405.

[27] Gao, X., Zacharek, A., Salkowski, A., Grignon, D.J., Sakr, W.,
Porter, A.T. and Honn, K.V. (1995) Cancer Res. 55, 1001-
1005.

[28] Miura, K., Okita, K., Furukawa, Y., Matsuno, S. and Naka-
mura, Y. (1995) Cancer Res. 55, 1828-1830.

[29] Tamura, G., Sakata, K., Maesawa, C., Susuki, Y., Terashima,
M., Satoh, K., Sekiyama, S., Suzuki, A., Eda, Y. and Satodate,
R. (1995) Cancer Res. 55, 1933-1936.

[30] Rosin, M.P., Cairns, P., Epstein, J.I., Schoenberg, M.P. and Si-
dransky, D. (1995) Cancer Res. 55, 5213-5216.

[31] Cairns, P., Tokino, K., Eby, Y. and Sidransky, D. (1995) Cancer
Res. 55, 224-227.

[32] Schultz, D.C., Vanderveer, L., Buetow, K.H., Boente, M.P.,
Ozols, R.F., Hamilton, T.C. and Godwin, A.K. (1995) Cancer
Res. 55, 2150-2157.

[33] Takeuchi, S., Bartram, C.R., Miller, C.W., Reiter, A., Seriu, T.,
Zimmerann, M., Schrappe, M., Mori, N., Slater, J., Miyoshi, 1.
and Koeffler, H.P. (1996) Blood 87, 3368-3374.

[34] Polascik, T.J., Cairns, P., Chang, W.Y.H., Schoenberg, M.P. and
Sidransky, D. (1995) Cancer Res. 55, 5396-5399.

[35] Peiffer, S.L., Herzog, T.J., Tribune, D.J., Mutch, D.G., Gersell,
D.J. and Goodfellow, P.J. (1995) Cancer Res. 55, 1922-1926.

[36] Brothman, A.R., Steele, M.R., Williams, B.J., Jones, E., Odel-
berg, S., Albertsen, H.M., Jorde, L.B., Rohr, L.R. and Stephen-
son, R.A. (1995) Genes Chromosomes Cancer 13, 278-284.

[37] Kerangueven, F., Essioux, L., Dib, A., Noguchi, T., Allione, F.,
Geneix, J., Longy, M., Lidereau, R., Eisinger, F. and Pebusque,
M.J. (1995) Oncogene 10, 1023-1026.

[38] Martinsson, T., Sjoberg, R.M., Hedborg, F. and Kogner, P.
(1995) Cancer Res. 55, 5681-5686.

[39] Shimizu, T. and Sekiya, T. (1995) Int. J. Cancer 63, 616-620.

[40] Eiriksdottir, G., Sigurdsson, A., Jonasson, J.G., Agnarsson,
B.A., Sigurdsson, H., Gudmundsson, J., Bergthorsson, J.T., Bar-
kardottir, R.B., Egilsson, V. and Ingvarsson, S. (1995) Int. J.
Cancer 6, 378-382.

[41] Bragadottir, G., Eiriksdottir, G., Sigurdsson, A., Barkardottir,
R.B., Gudmundsson, I., Jonasson, J.G. and Ingvarsson, S.
(1995) Int. J. Oncogene 7, 871-876.

[42] Takahashi, S., Shan, A.L., Ritland, S.S., Delacey, K.A., Bost-
wick, D.G., Lieber, M.M., Thibodrau, S.N. and Jenkins, R.B.
(1995) Cancer Res. 55, 4114-4119.

[43] Tamura, G., Ogasawara, S., Nishizuka, S., Sakata, K., Maesawa,
C., Suzuki, Y., Terashima, M., Saito, K. and Satodate, R. (1996)
Cancer Res. 56, 612-615.

[44] Takeuchi, S., Bartram, C.R., Miller, C.W., Reiter, A., Seriu, T.,
Zimmerann, M., Schrappe, M., Mori, N., Slater, J., Miyoshi, I.
and Koeffler, H.P. (1996) Blood 87, 3368-3374.

[45] Fujii, H., Szumei, R., Marsh, C., Zhou, W. and Gabrielson, E.
(1996) Cancer Res. 56, 5260-5265.

[46] Man, S., Ellis, 1.O., Sibbering, M., Blamey, R.W. and Brook,
J.D. (1996) Cancer Res. 56, 5484-5489.



J. Liu et al./IFEBS Letters 462 (1999) 121-128

[47] Chen, T., Sahin, A. and Aldaz, C.M. (1996) Cancer Res. 56,
5605-5609.

[48] Tran, Y.K. and Newsham, LLF. (1996) Cancer Res. 56, 2916—
2921.

[49] Achille, A., Scupoli, M.T., Magalini, A.R., Zamboni, G., Roma-
nelli, M.G., Orlandini, S., Biasi, M.O., lemoine, N.R., Accolla,
R.S. and Scarpa, A. (1996) Int. J. Cancer 68, 305-312.

[50] Lee, W.C., Balsara, B., Liu, Z., Jhanwar, S.C. and Testa, J.R.
(1996) Cancer Res. 56, 4297-4301.

[51] Cooney, K.A., Wetzel, J.C., Consolino, C.M. and Wojno, K.J.
(1996) Cancer Res. 56, 4150-4153.

[52] Hui, A.B.Y., Lo, K.W., Leung, S.F., Choi, P.HK., Fong, Y.,
Lee, J.C.K. and Huang, D.P. (1996) Cancer Res. 56, 3225-3229.

[53] Kim, S.K., Fan, Y., Papadimitrakopoulou, V., Clayman, G.,
Hittelman, W.N., Hong, W.K., Lotan, R. and Mao, L. (1996)
Cancer Res. 56, 2519-2521.

[54] Tangir, J., Loughridge, N.S., Berkowitz, R.S., Muto, M.G., Bell,
D.A., Welch, W.R. and Mok, S.C. (1996) Cancer Res. 56, 2501—
2505.

[55] Gabra, H., Watson, J.E., Taylor, K.J., Mackay, J., Leonard,
R.C,, Steel, C.M., Porteous, D.J. and Smyth, J.F. (1996) Cancer
Res. 56, 950-954.

[56] Takeuchi, S., Mori, N., Koike, M., Slater, J., Park, S., Miller,
C.W., Miyoshi, 1. and koeffler, H.P. (1996) Cancer Res. 56, 738—
740.

[57] Pabst, T., Schwaller, J., Bellomo, M.J., Oestreicher, M., Muhle-
matter, D., Tichelli, A., Tobler, A. and Fey, M.F. (1996) Blood
88, 1026-1034.

[58] Mullokandov, M.R., Kholodilov, N.G., Atkin, N.B., Burk,
R.D., Johnson, A.B. and Klinger, H.P. (1996) Cancer Res. 56,
197-205.

[59] Kimura, M., Abe, T., Sunamura, M., Matsuno, S. and Horii, A.
(1996) Genes Chromosomes Cancer 17, 88-93.

[60] Beroud, C., Fournet, J.C., Jeanpierre, C., Droz, D., Bouvier, R.,
Froger, D., Chretien, Y., Marechal, J.M., Weissenbach, J. and
Junien, C. (1996) Genes Chromosomes Cancer 17, 215-224.

[61] Barrett, M.T., Galipeau, P.C., Sanchez, C.A., Emond, M.J. and
Reid, B.J. (1996) Oncogene 12, 1873-1878.

[62] Wertheim, I., Tangir, J., Muto, M.G., Welch, W.R., Berkowitz,
R.S., Chen, W.Y. and Mok, S.C. (1996) Oncogene 12, 2147—
2153.

[63] Vocke, C.D., Pozzatti, R.O., Bostwick, D.G., Florence, C.D.,
Jennings, S.B., Strup, S.E., Duray, P.H., Liotta, L.A., Emmert-
Buck, M.R. and Linehan, W.M. (1996) Cancer Res. 56, 2411-
2416.

[64] Jiang, X., Hitchcock, A., Bryan, E.J., Watson, R.H., Englefield,
P., Thomas, E.J. and Campbell, I.G. (1996) Cancer Res. 56,
3534-3539.

[65] Okami, K., Cairns, P., Westra, W.H., Linn, J.F., Ahrendt, S.A.,
Wu, L., Sidransky, D. and Jen, J. (1997) Int. J. Cancer 74, 588—
592.

[66] Ritland, S.R., Rowse, G.J., Chang, Y. and Gendler, S.J. (1997)
Cancer Res. 57, 3520-3525.

[67] Debelenko, L.V., Zhuang, Z., Emmert-Buck, M.R., Chandrase-
kharappa, S.C., Manickam, P., Guru, S.C., Marx, S.J., Skarulis,
M.C., Spiegel, A.M., Collins, F.S., Jensen, R.T., Liotta, L.A. and
Lubensky, I.A. (1997) Cancer Res. 57, 2238-2243.

[68] Fong, K.M., Biesterveld, E.J., Virmani, A., Wistuba, 1., Sekido,
Y., Bader, S.A., Ahmadian, M., Ong, S.T., Rassool, F.V., Zim-
merman, P.V., Giaccone, G., Gazdar, A.F. and Minna, J.D.
(1997) Cancer Res. 57, 2256-2267.

[69] Kruzelock, R.P., Murphy, E.C., Strong, L.C., Naylor, S.L. and
Hansen, M.F. (1997) Cancer Res. 57, 106-109.

[70] Bandera, C.A., Takahashi, H., Behbakht, K., Liu, P.C., LiVolsi,
V.A., Benjamin, 1., Morgan, M.A., King, S.A. and Rubin, S.C.
(1997) J. Cancer Res. 57, 513-515.

[71] Takita, J., Hayashi, Y., Kohno, T., Yamaguchi, N., Hanada, R.
and Yamamoto, K. (1997) Cancer Res. 57, 907-912.

[72] Farrell, W.E., Simpon, D.J., Bicknell, J.E., Talbot, A.J.,
Bates, A.S. and Clayton, R.N. (1997) Cancer Res. 57, 2703—
2709.

[73] Choi, C., Cho, S., Horikawa, 1., Berchuck, A., Wang, N., Ce-
drone, E., Jhung, S.W., Lee, J.B., Kerr, J., Chenevix-Trench, G.,
Kim, S., Barrett, J.C. and Koi, M. (1997) Genes Chromosomes
Cancer 20, 234-242.

127

[74] Ueda, T., Komiya, A., Emi, M., Suzuki, H., Shiraishi, T., Ya-
tani, R., Masai, M., Yasuda, K. and Ito, H. (1997) Genes Chro-
mosomes Cancer 20, 140-147.

[75] Leonard, J.H. and Hayward, N. (1997) Genes Chromosomes
Cancer 20, 93-97.

[76] Driouch, K., Dorion-Bonnet, F., Briffod, M., Champeme,
M.H., Longy, M. and Lidereau, R. (1997) Genes Chromosomes
Cancer 19, 185-191.

[77] Koike, M., Takeuchi, S., Yokota, J., Park, S., Hatta, Y., Miller,
C.W., Tsuruoka, N. and Koefiler, H.P. (1997) Genes Chromo-
somes Cancer 19, 1-5.

[78] Laake, K., Odegard, A., Andersen, T.I., Bukholm, LK.,
Karesen, R., Nesland, J.M., Ottestad, L., Shiloh, Y. and Borre-
sen-Dale, A.L. (1997) Genes Chromosomes Cancer 18, 175-
180.

[79] Linn, J.F., Lango, M., Halachmi, S., Schoenberg, M.P. and
Sidransky, D. (1997) Int. J. Cancer 74, 625-629.

[80] Lo, Y.L., Yu, J.C., Huang, C.S., Tseng, S.L., Chang, T.M.,
Chang, K.J., Wu, C.W. and Shen, C.Y. (1998) Int. J. Cancer
79, 580-587.

[81] Piao, Z., Park, C., Park, J.H. and Kim, H. (1998) Int. J. Cancer
79, 356-360.

[82] Mutirangura, A., Pornthanakasem, W., Sriuranpong, V., Su-
piyaphun, P. and Voravud, N. (1998) Int. J. Cancer 78, 153—
156.

[83] Takei, K., Kohno, T., Hamada, K., Takita, J., Noguchi, M.,
Matsuno, Y., Hirohashi, S., Uezato, H. and Yokota, J. (1998)
Cancer Res. 58, 3700-3705.

[84] Iida, A., Kurose, K., Isobe, R., Akiyama, F., Sakamoto, G.,
Yoshimoto, M., Kasumi, F., Nakamura, Y. and Emi, M. (1998)
Genes Chromosomes Cancer 21, 108-112.

[85] Singh, B., Ittmann, M.M. and Krolewski, J.J. (1998) Genes
Chromosomes Cancer 21, 166-171.

[86] Deng, L., Jing, N., Tan, G., Zhou, M., Zhan, F., Xie, Y., Car,
L. and Li, G. (1998) Genes Chromosomes Cancer 23, 21-25.

[87] Zhu, J.J., Santarius, T., Wu, X., Tsong, J., Guha, A., Wu, J.K.,
Hudson, T.J. and Black, P.M. (1998) Genes Chromosomes Can-
cer 21, 207-216.

[88] Kohno, T., Kawanishi, M., Matsuda, S., Ichikawa, H., Takada,
M., Ohki, M., Yamaoto, T. and Yokota, J. (1998) Genes Chro-
mosomes Cancer 21, 236-243.

[89] Grundy, R.G., Pritchard, J., Scambler, P. and Cowell, J.K.
(1998) Oncogene 17, 395-400.

[90] Petersen, S., Rudolf, J., Bockmuhl, U., Gellert, K., Wolf, G.,
Dietel, M. and Petersen, 1. (1998) Oncogene 17, 449-454.

[91] Zhang, J., Nelson, M., Mclver, B., Hay, 1.D., Goellner, J.R.,
Grant, C.S., Eberhardt, N.L. and Smith, D.I. (1998) Oncogene
17, 789-793.

[92] Konishi, H., Takahashi, T., Kozaki, K., Yatabe, Y., Mitsudo-
mi, T., Fujii, Y., Sugiura, T., Matsuda, H. and Takahashi, T.
(1998) Oncogene 17, 2095-2100.

[93] Wright, K., Wilson, P.J., Kerr, J., Do, K., Hurst, T., Khoo,
S.K., Ward, B. and Chenevix-Trench, G. (1998) Oncogene 17,
1185-1188.

[94] Kim, S.K., Ro, J.Y., Kemp, B.L., Lee, J.S., Kwon, T.J., Hong,
W.K. and Mao, L. (1998) Oncogene 17, 1749-1753.

[95] Srikantan, V., Sesterhenn, I.A., Davis, L., Hankins, G.R., Aval-
lone, F.A., Livezey, J.R., Connelly, R., Mostofi, F.K., McLeod,
D.G., Moul, J.W., Chandrasekharappa, S.C. and Srivastava, S.
(1999) Int. J. Cancer 84, 331-335.

[96] Jimenez, P., Canton, J., Collado, A., Cabrera, T., Serrano, A.,
Real, L.M., Garcia, A., Ruiz-Cabello, F. and Garrido, F. (1999)
Int. J. Cancer 83, 91-97.

[97] Wistuba, LI., Behrens, C., Virmani, A.K., Milchgrub, S., Syed,
S., Lam, S., Mackay, B., Minna, J.D. and Gazdar, A.F. (1999)
Cancer Res. 59, 1973-1979.

[98] Simpson, D.J., Magnay, J., Bicknell, J.E., Barkan, A.L., McNi-
col, A.M., Clayton, R.N. and Farrell, W.E. (1999) Cancer Res.
59, 1562-1566.

[99] Velickovic, M., Delahunt, B. and Grebe, S.K.G. (1999) Cancer
Res. 59, 1323-1326.

[100] Balsara, B.R., Bell, D.W., Sonoda, G., Rienzo, A.D., Manoir,
S.D., Jhanwar, S.C. and Testa, J.R. (1999) Cancer Res. 59, 450—
454,

[101] Pineau, P., Nagai, H., Prigent, S., Wei, Y., Gyapay, G., Weis-



128

senbach, J., Tiollais, P., Buendia, M. and Dejean, A. (1999)
Oncogene 18, 3127-3134.

[102] Shridhar, V., Staub, J., Huntley, B., Cliby, W., Jenkins, R.,
Pass, H.I.,, Hartmann, L. and Smith, D.I. (1999) Oncogene 18,
3913-3918.

[103] Imyanitov, E.N., Birrell, G.W., Filippovich, I., Sorokina, N.,
Arnold, J., Mould, M.A., Wright, K., Walsh, M., Mok, S.C.,
Lavin, M.F., Chenevix-Trench, G. and Khanna, K.K. (1999)
Oncogene 18, 4640-4642.

[104] Chughtai, S.A., Crundwell, M.C., Cruickshank, N.R.J., Affie,
E., Armstrong, S., Knowles, M.A., Takle, L.A., Kuo, M.,
Khan, N., Phillips, S.M.A., Neoptolemos, J.P. and Morton,
D.G. (1999) Oncogene 18, 657-665.

[105] Ohgaki, K., Iida, A., Ogawa, O., Kubota, Y., Akimoto, M. and
Emi, M. (1999) Genes Chromosomes Cancer 25, 1-5.

[106] Abe, T., Makino, N., Furukawa, T., Ouyang, H., Kimura, M.,
Yatsuoka, T., Yokoyama, T., Inoue, H., Fukushige, S., Hoshi,
M., Hayashi, Y., Sunamura, M., Kobari, M., Matsuno, S. and
Horii, A. (1999) Genes Chromosomes Cancer 25, 60-64.

[107] Fukino, K., lida, A., Teramoto, A., Sakamato, G., Kasumi, F.,
Nakamura, Y. and Emi, M. (1999) Genes Chromosomes Cancer
24, 345-350.

[108] Ueda, T., Emi, M., Suzuki, H., Komiya, A., Akakura, K., Ichi-
kawa, T., Watanabe, M., Shiraishi, T., Masai, M., Igarashi, T.
and Ito, H. (1999) Genes Chromosomes Cancer 24, 183-190.

J. Liu et al./[FEBS Letters 462 (1999) 121-128

[109] Grazia di lasio, M., Calin, G., Tibiletti, M.G., Vorechovsky, 1.,
Benediktsson, K.P., Taramelli, R., Barbanti-Brodano, G. and
Negrini, M. (1999) Oncogene 18, 1635-1638.

[110] Zeng, W.R., Watson, P., Lin, J., Jothy, S., Lidereau, R., Park,
M. and Nepveu, A. (1999) Oncogene 18, 2015-2021.

[111] Chughtai, S.A., Crundwell, M.C., Cruickshank, N.R.J., Affie,
E., Armstrong, S., Knowles, M.A., Takle, L.A., Kuo, M.,
Khan, N., Phillips, S.M.A., Neoptolemos, J.P. and Morton,
D.G. (1999) Oncogene 18, 657-665.

[112] Wang, X., Uzawa, K., Imai, F.L. and Tanzawa, H. (1999) On-
cogene 18, 823-825.

[113] Lerebours, F., Olschwang, S., Thuille, B., Schmitz, A., Fouchet,
P., Buecher, B., Martinet, N., Galateau, F. and Thomas, G.
(1999) Int. J. Cancer 81, 854-858.

[114] Herbst, R.A., Gutzmer, R., Matiaske, F., Mommert, S., Casper,
U., Kapp, A. and Weiss, J. (1999) Int. J. Cancer 80, 205-
209.

[115] Braga, E., Pugacheva, E., Bazov, 1., Ermilova, V., Kazubskaya,
T., Mazurenko, N., Kisseljov, F., Liu, J., Garkavtseva, R., Za-
barovsky, E. and Kisselev, L. (1999) FEBS Lett. 454, 215-
219.

[116] Kallioniemi, O.P., Kallioniemi, A., Piper, J., Isola, J., Wald-
man, F.M., Gray, W.J. and Pinkel, D. (1994) Gene Chromo-
somes Cancer 10, 231-243.



