
Abstract. Most cancers are the result of an interaction between
germline genetic susceptibility and exposure to environmental
carcinogens. We studied chromosomal aberrations, telomeric
associations, telomere signal intensity by fluorescence in situ
hybridization, p53 germline mutation, bleomycin (Bleo) and 
4-nitroquinoline-1-oxide (4NQO) sensitivity, and chromosome-
specific telomere signals in T and B lymphocytes in a Caucasian
family involving three generations and 13 family members. This
family was chosen because eight of its members are extremely
sensitive to sunlight and burn easily even upon short exposure. The
family members have shown: (a) hypersensitivity either to Bleo or
4NQO mutagens, with values much higher than 1.00 breaks/cell
(b/c) for Bleo and 0.40 b/c for 4NQO; (b) an increased rate of
telomeric associations; (c) variable amounts of telomeric DNA
not common for the person’s age; (d) the presence of intron 7
polymorphism in the proband and no significant effect on 
N-methyl-N’-nitosoguanidine (MNNG)-induced p53 expression
in two key family members; and (e) an incidence of epithelial
malignancies in two family members. Seven additional members

showed polymorphism of telomeric signals in the short arm of two
homologous chromosome 17s, where the p53 gene is localized. A
78-year-old grandmother, who had developed colon cancer, was
predicted to have metastatic cancer based on the telomeric DNA
amount in her lymphocytes (2.90%); she subsequently developed
metastatic lesions within a year and died. Based on these
observations, we conclude that telomere erosion is the initial cause
of genomic instability/susceptibility which, in turn, may be causal
for the reproductive complications, premature aging phenotypes
and, in some cases, predisposition to cancer development. 

There is a considerable amount of evidence suggesting that

most cancers arise from a single genetically altered cell, which

then acquires a growth advantage that allows its progeny to

multiply into a neoplastic clone. GIN* is considered the

hallmark of cancer chromosomes, although what brings about

this genetic instability (GIN) in specific chromosomes is not

currently known (1). Activation of proto-oncogenes and

inactivation of tumor suppressor genes have been proposed as

being mostly responsible for genetic heterogeneity in cancer

cells (2). Because telomeres, which are present at the termini

of linear chromosomes, are considered guardians of individual

chromosomes (3), it is possible that continued erosion of

telomeres causes GIN or susceptibility to environmental

carcinogens. Also, it is not known why specific chromosomal

translocations are observed in particular cancers (4). Again,

reduced copy numbers of the telomeric repeat TTAGGGn in

a given chromosome may be responsible for its fragility and

subsequent translocation to another chromosome having

similar defects (3, 5).

The hypothesis that germline GIN is to a large extent

responsible for an individual’s susceptibility to cancer was

proposed by one of us (6). This idea was initially developed

because of the rare autosomal recessive human syndromes, such

as BS, AT, FA and XP, which are associated with both in vivo
and in vitro chromosomal instability and the development of

cancer (7). Our recent data have shown that such patients also
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show premature aging, genomic instability, and telomere

attrition in their lymphocytes (8). Individuals who are genetically

unstable may accumulate more mutations or be more sensitive

to exogenous carcinogens than those not having such instability

and they may be at a greater risk of developing cancer. For this

reason, it is advisable to identify individuals who may be

genetically unstable so that an early intervention can be

recommended and prevention of cancer can be achieved. Hsu

and associates (9) developed an assay system for this purpose

using PBLs, and have tested various mutagens, including Bleo

and 4NQO, in the identification of mutagen-sensitive

individuals who may be predisposed to developing cancer (10). 

We present here the results of a study of a Caucasian family

involving three generations and 13 family members regarding

their germline p53 mutation, telomere length dynamics, Bleo

and 4NQO sensitivity, telomeric associations (TAs) and other

parameters, since proband and other members of this family

were found to be sensitive to sunlight. This family was

discovered through a family member who volunteered to

participate in our Bleo and 4NQO sensitivity project as a

nonsmoking control and was found to be extremely sensitive

to these mutagens. Specifically, eight members of this family

found that their skin burns very easily if exposed to sunlight.

Our results indicate that early diagnosis in such family

members may protect even predisposed persons from

developing cancer. In addition, this family study provides

further evidence that telomere dynamics is the cause of

genomic instability, sensitivity to sunlight and certain

mutagens, premature aging phenotypes and, at least in two

family members, development of epithelial malignancies.

Materials and Methods

PBL cultures. After written informed consent had been obtained, 15-

20 cc of peripheral blood was collected from each family member and

stored in green-top heparinized tubes. Some of the blood samples

obtained from each subject were cultured following a routine protocol

by adding 1 ml of whole peripheral blood to 9 ml of RPMI 1640

medium rich in folic acid (JRM Biosciences, Lenexa, KS, USA)

supplemented with 20% fetal bovine serum (Sigma Chemical Co., St.

Louis, MO, USA), 2 mM L-glutamine, 50 units/ml penicillin, 100 Ìg/ml

streptomycin and 1.3% PHA (Wellcome Diagnostic Laboratories,

Research Triangle Park, NC, USA). The cultures were incubated at

37ÆC for 72 h. The rest of the blood samples were used for the

establishment of B-lymphoblastoid cell lines following the Epstein-Barr

virus transformation technique routinely used in our laboratory (11).

Mutagen sensitivity studies. Peripheral blood cultures were set up as

described above and Bleo treatment was performed on day 3 of each

culture. Approximately 0.03 units/ml Bleo was added to the cultures.

After 5-h treatment, cells were harvested. Treatment with 4NQO was

initiated on day 3 of the culture at a concentration of 1 x 105 M. After

24-h treatment, cells were harvested on day 4. Untreated lymphocyte

cultures obtained from the same individuals served as controls. The

method of scoring chromosomal abnormalities used has been

described previously (12,13).

Chromosome preparations. Chromosome preparations were made

following routine demecoline (Colcemid) blocking (0.04 Ìg/ml) for 45

min, hypotonic treatment (0.075M KCl) for 20 min and fixation

procedures (1:3 acetic acid and methanol by volume). Air-dried slides

were prepared using the harvested cell cultures and coded. A minimum

of 50 to 100 metaphases from each subject on Giemsa-stained slides

was analyzed for scoring b/c, while other slides were G-banded for

detailed karyotype analysis, including that of TA frequency (14).

Leftover cell suspensions were used for telomeric DNA measurements.

Q-FISH analysis of telomeric DNA. FISH preparations using a

commercially available CY-3 conjugated telomere peptide nucleic

acid probe were performed according to the manufacturer’s

protocol (DAKO Corporation, Carpinteria, CA, USA). The slides

were counterstained with DAPI (0.1 Ìg/ml) in an antifade and

examined using a Nikon photomicroscope (Nikon, Melville, NY,

USA) with UV-2A filter for DAPI and CY-3 filter. One to two

hundred nuclei per individual were photographed, and quantitation

of telomeric DNA was performed using the Metaview Imaging

System software program (version 3.6a; Universal Imaging Co.,

Westchester, PA, USA) The telomeric area of the interphase

nuclei from each subject was compared among family members and

unrelated individuals as the mean percentage of the total nuclear

area occupied by the telomeric area (Table I). We also analyzed

telomere signals in individual chromosome 17 arms in all of the

family members to decipher any heterogeneity present in the short

arms onto which the p53 gene is mapped (15,16). 

Analysis of telomeric association. TA was considered to be present

when at least two chromosomes showed contact with one or both

sister chromatids (17). Associations involving the short arms of

chromosomes 13, 14, 15, 21 and 22 were not considered in our

calculations because they could have been due to satellite associations.

However, if the long arms of these chromosomes were involved in

association with any other chromosome, the metaphase spread was

considered to be TA-positive. A minimum of 50-100 G-banded

metaphases from each subject was evaluated for the frequency of TAs.
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Figure 1. Pedigree of the family under investigation. The proband is
marked by an arrow and the grandmother, who had colorectal cancer and
subsequently developed a metastatic lesion in her ovarian area and died
(I-2), is identified by an X. All of the other family members are alive and
doing well but some are still very sensitive to sunlight. 



Determination of p53 protein levels and telomerase activity. The B-

lymphoid cell lines from three key family members (I-2, II-3 and

III-2) and another from a normal control volunteer were used for

the study of p53 activity and the determination of telomerase

activity. For induced levels of p53 analysis, cells were treated with

and without 50 ÌM of the DNA-alkylating agent MNNG for 30 h.

In earlier studies, we showed that MNNG treatment induces p53

levels in HCT-116 human colon cancer cells (18). The HCT-116

cells express the wild-type p53, which in response to DNA

alkylation damage becomes phosphorylated at Ser15 and Ser392

residues and functionally activated as a transcription factor (19,20).

Thus, HCT-116 cells were used as a control to examine whether

the level of p53, if wild-type and functional, is induced after

MNNG treatment in three key family members (1820P, 1847P,
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Table I. Clinical features, sensitivity to clastogens, telomeric area percentage and frequency of TAs in the family members studied.

Family Sex/age Complexion/ Metaphases TAs per cell Sensitivity b/c Telomeric

members (years) eye color/hair color with TAs (%) area %;

Bleo  4NQO (mean ± SEa)

I-1 M/82 Fair/blue/red 9.0 0.15 1.06 0.42 1.87 ± 0.13

I-2 F/78 Fair/blue/blonde 52.0 0.76 1.12 0.24 2.90 ± 0.20

II-1 M/59 Fair/blue/blonde 35.0 0.57 0.93 0.73 1.53 ± 0.12

II-2 F/54 Olive/blue/dark brown 46.0 0.64 1.43 0.89 2.39 ± 0.17

II-3 F/58 Fair/blue/blonde 46.0 0.59 1.54 1.06 1.35 ± 0.12

II-4 NDb – – – – – –

II-5 F/58 Olive/blue/dark brown 20.0 0.26 1.34 0.43 1.86 ± 0.15

II-6 ND – – – – – –

II-7 M/52 Olive/blue/dark brown 10.0 0.10 1.00 0.34 2.16 ± 0.13

II-8 F/53 Fair/blue/blonde 3.0 0.07 0.33 0.27 2.27 ± 0.18

III-1 M/28 Olive/hazel/dark brown 36.0 0.34 1.45 0.68 1.48 ± 0.16

III-2 F/25 Olive/hazel/dark brown 13.0 0.13 0.82 0.75 1.37 ± 0.11

III-3 ND – – – – – –

III-4 ND – – – – – –

III-5 ND – – – – – –

III-6 ND – – – – – –

III-7 M/30 Fair/blue/blonde 15.0 0.13 0.48 0.40 ND

III-8 M/24 Fair/hazel/blonde 22.0 0.18 0.72 0.30 2.66 ± 0.19

III-9 M/22 Fair/blue/blonde 24.0 0.20 1.29 0.23 2.58 ± 0.16

a SE, standard error.
b ND, not done.

Figure 2. Selected examples of TAs involving all of the human chromosomes except Y from the untreated B-lymphoblastoid cells of family members
I-1, I-2, II-3, II-5 and III-1. Most of the TAs are between single-single chromatids except for one having a ring configuration (R). Chromosome 17 is
mostly associated by the short arm with other chromosomes. Most chromosomes involved with TAs are identified by their G-banding patterns. 
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Figure 3. FISH preparations of the PHA-stimulated lymphocytes of family members I-2 (A), I-1 (B), III-1 (C), III-8 (D), II-3 (E) and II-5 (F) showing
telomeric DNA signals in interphase nuclei. The nuclear DNA was stained with DAPI (blue), while the telomeric DNA was labeled with CY3-labeled anti-
telomeric PNA (red). A, 78-year-old grandmother who had metastatic colon cancer and showed significantly more telomeric DNA (2.90%) compared
with B, her 82-year-old normal healthy husband (1.87%). C, 28-year-old grandson who had drastically reduced telomeric DNA (1.48%) compared with
D, his 24-year-old cousin (2.66%). E, 58-year-old proband who had greatly reduced telomeric DNA (1.35%) compared with F, her fraternal twin sister
(1.86%). All of the microphotographs were taken at the same magnification. 



1849P cell lines) and in a control donor (2215P cell line). Anti-p53

antibody DO-1 (Santa Cruz Biotech., Santa Cruz, CA, USA) was

used to determine the total levels of p53 in the tested cell lines.

The PCR-based TRAP assay was used for telomerase activity. A

telomerase activity detection kit TRAPEZE was purchased from

Intergen Company, Purchase, NY, USA. The whole cell lysates from

these cell lines were used for telomerase activity. The procedure for

Western blot analysis was the same as described previously (8,21). 

Results

In this study, the pedigree of the family with the proband

marked by an arrow is shown in Figure 1. Also, most of the

clinical features of these subjects are summarized in Table I.

Because our study was confined to members of a single family,

their spouses were rarely studied. The ages of the subjects

studied ranged from 22 to 82 years, with a median age of 48

years. As far as we can tell, none of these subjects were

smokers or heavy drinkers. The members of this family are

scattered from Newfoundland, Canada, to Houston, Texas,

and lead normal lives, except that they do not expose

themselves excessively to sunlight or other mutagenic agents.

All members are very health-conscious, exerting themselves to

eat sensibly, exercise regularly and supplement their diet with

essential vitamins and minerals.

Chromosome constitutions and TAs. There were seven male

and six female subjects in this study, all of whom had a 46,XY

or 46,XX chromosome constitution depending on their

gender. The 13 family members examined showed no specific

chromosomal alterations in their karyotypes except for the

presence of a very large heterochromatic region in one

homolog of chromosome 9 (data not shown). This

polymorphism of chromosome 9 heterochromatin was

segregated among the family members in a Mendelian

fashion. As shown in Table I, five family members (I-2, II-1,

II-2, II-3 and III-1) had the highest frequency of metaphases

with TAs, which ranged from 35% (II-1) to 52% (I-2). In

member I-2’s lymphocytic metaphases, practically every

chromosome was involved in TAs (Figure 2). Following our

strict criterion, in most of the normal controls the frequency of

metaphases showing TAs varied from 1%-5% (our

unpublished data on several thousand individuals collected).

The lowest value of metaphases with TAs (3%) was in

member II-8, a spouse having a different family pedigree.

Whether the frequency of metaphases with TAs was due to

loss of telomeric DNA is discussed below. The chromosomes

that were most frequently involved in TAs in all of these

family members were chromosomes 5, 6, 7, 9, 10, 11, 12, 17,

18 and 19. All autosomes and the typical X chromosome, but

not the typical Y chromosome, were found to be involved in

TA formation (Figure 2). As stated in Materials and Methods,

we did not consider satellite associations of D- and G-group

chromosomes as examples of TAs.

4NQO and Bleo sensitivity analysis. Table I summarizes the

b/c values of lymphocytes exposed to Bleo and 4NQO.

According to the calculation of the OR described in our

previous studies (as shown below),

b/c    0              0.50             0.69             0.95

OR                                                                                   Bleo

1.0               1.4              2.5               5.0

b/c    0              0.26             0.36             0.61

OR                                                                                     4NQO

1.0               1.7              2.8               9.3

most of the immediate family members were significantly

sensitive to Bleo as well as 4NQO. Most of them also had more

than 1.00 b/c in Bleo-treated cultures and more than 0.40 b/c in

4NQO-treated cultures. Some of the members were highly

sensitive to both mutagens, as shown in Table I. Additionally, in

clastogen-sensitivity analysis, we did not identify any specific

chromosomes showing clustering of CBs (22). According to the

cut-off point for distinguishing highly Bleo- and 4NQO-sensitive

individuals from less sensitive ones established in our

laboratory, all subjects having at least 1.00 b/c in Bleo-treated

cultures and at least 0.60 b/c in 4NQO-treated cultures were

significantly sensitive (9). Because repair of 4NQO-induced

DNA damage requires excision of the defective strand, whereas

repair of Bleo-induced DNA lesions does not, it is possible that

an individual sensitive to Bleo may or may not be sensitive to

4NQO. The proband in our study, II-3, appeared to be

extremely sensitive to both of these agents (Table I). The only

other family members hypersensitive to both 4NQO and Bleo

were a sister (II-2) and nephew (III-1) of the proband. The rest

of the family members were sensitive to either Bleo or 4NQO.

It is apparent from the data that sensitivity to Bleo and 4NQO

are two unrelated biological phenomena.

Q-FISH analysis of telomeric repeats. The results of Q-FISH

analysis of PHA-stimulated lymphocytes are also shown in

Table I. Also, representative FISH preparations from four

family members are shown in Figure 3. As shown in Table I,
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Figure 4. Expression of p53 levels induced by DNA-alkylating agent MNNG.
The cells were treated with 50 ÌM MNNG for 30 h. Cellular extracts were
prepared and proteins were separated on a 9% SDS-PAGE. The level of total
p53 protein was determined by Western blotting. The photographs of the
autoradiograms are representatives of two different experiments.



the smallest amount of telomeric DNA (1.35%) was present

in the proband (II-3). The skin of this female individual burns

very easily when exposed to sunlight, and her cells are very

sensitive to Bleo and 4NQO exposure. One family member

having the second least amount of telomeric DNA (1.37%;

III-2), was also female and at only 25 years of age should have

had more telomeric DNA, as expected in a normal woman in

her age group. However, the unexpected amount of telomeric

DNA present in a 78-year-old female subject (I-2) was the

greatest in the group (2.90%), even greater than that in the

youngest family member (III-9),  with 2.58% telomeric DNA.

At the time of her telomeric DNA analysis, subject I-2

received a diagnosis of adenocarcinoma of the colon, which

was confined and surgically removed. Based on the amount of

telomeric DNA present in her lymphocytes and generated

data on lymphocytes from breast, prostate and lung cancer

patients (unpublished data), one of us (S.P.) predicted that

she had metastatic colon cancer. One year later, she was

discovered to have a huge pelvic mass, which was considered

to be a metastasis from the colon carcinoma. As a control, her

husband (I-1), who was a healthy 82-year-old, had a telomeric

DNA area of 1.87%, an amount considered to be within the

normal limits for his age group (unpublished data). 

Because of the involvement of the p53 gene, which is

mapped on chromosome 17p (14), we decided to study the

telomere biology of this specific chromosome among the family

members. After comparing the FISH analysis results for

telomeric DNA in both copies of chromosome 17, it turned out

that some subjects (II-3, II-5, III-1 and III-9) had the least

amount of telomeric fluorescence in the short arm of one

homolog of chromosome 17 (16) (data not shown). This

classification was based on qualitative observations. Another

interesting point is that these same family members showed far

greater sensitivity to Bleo treatment than to 4NQO treatment,

with their lymphocytes showing more than 1.48 b/c (Table I).

In addition, the proband (II-3) has not been able to become

pregnant and has had tumors of the throat and ovary.

However, her sister (II-2), after experiencing three

miscarriages, had two children (III-1 and III-2) who are still

alive and healthy, but were born very prematurely under great

difficulty, each having multiple health problems at birth. The

proband’s fraternal twin sister is married with two healthy

children, one of whom has a healthy son.

p53 protein levels and telomerase enzyme activity. p53, a tumor

suppressor protein, binds to DNA in a sequence-specific

manner and activates the expression of target genes that play

a critical role in cellular responses to DNA damage, oxidative

stress and hypoxia (23). The normal functions of the p53

protein provide key regulatory mechanisms known to monitor

genomic integrity in mammalian cells (24). In earlier studies,

mutations in the p53 gene and the activation of the telomerase

enzyme have been suggested as two of the important events

in the development and progression of cancer. In these

studies, overexpression of the wild-type p53 has been shown

to repress telomerase activity through transcriptional down-

regulation of the hTERT promoter (25, 26). In the present

studies, we examined mutations in the p53 gene, expression of

the p53 protein in response to DNA alkylation damage, and

their correlation with telomerase activity in the PBLs of our

family members. The DNA alkylation damage system was

used as a general, not an accurate, method to determine

whether the p53 protein is functional in these family members.

In earlier studies, we showed that treatment of the HCT-116

human colon cancer cell line with the DNA-alkylating agent

MNNG causes increased levels of p53, which was

transcriptionally active toward activating the adenomatous

polyposis coli (APC) and p21 Waf1/Cip1 genes (18-20). On the

other hand, the mutant p53 level in the SW480 human cancer

cell line was unaffected when treated with MNNG (21). Thus,

we expected that in the PBLs of the selected family members,
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Figure 5. Telomerase activity. Cells were treated with 50 ÌM MNNG for
30 h. To determine the linear range of telomerase activity, the TRAP assay
was performed with different protein concentrations (results with 1 Ìg
protein are shown). Telomerase activity of the cell lysates was determined
by a TRAP assay. Bracketed area depicts the TRAP products and the
arrow indicates the 36 bp internal control DNA. ¢H indicates the use of
heat-activated whole cell extract for the TRAP assay. TSR8 is an internal
control oligonucleotide template with 8 telomeric repeats AG
(GGTTAG)7. C, extract from untreated (control) cells; M, extract from
50 ÌM MNNG-treated cells. The treatment period to the cells was 30 h. 



if the p53 level is wild-type then its level may increase, and if

mutant then it may remain unaffected in response to MNNG

treatment. As shown in Figure 4, the p53 protein levels were

increased in cells of 1847P (II-3, proband; 2-fold), 2215P

(control; 1.5-fold) and HCT-116 human colon cancer cells (3-

fold), whereas no significant effect on p53 protein levels was

observed in cells of 1820P (I-2) and 1849P (III-2) treated with

the DNA-alkylating agent MNNG. Based on these results, it

appears that p53 is functional in 1847P and 2215P cells, but

non-functional in 1820P and 1849P cells. Whether the lack of

DNA alkylation damage response to p53 induction in 1820P

and 1849P cells is due to mutations in the p53 protein cannot

be ascertained from the Western blot analysis. However, our

preliminary results on p53 sequencing performed on cells of

1847P and 1849P showed that the proband (1847P) had a

constitutional polymorphism in intron 7 (data not shown).

These results suggest that mutations in the intron regions of

the p53 may not have functional consequence with the p53

protein, but indicate that these individuals may have defects

in their DNA repair mechanisms.

The results of telomerase activity are shown in Figure 5.

Telomerase activity was a little lower in the 1820P and 1847P

cell lines when compared with the 1849P and 2215P cell lines

(compare lanes 6 and 8 with 10 and 12). We further tested the

effect of MNNG treatment to these cell lines on telomerase

activity. The results indicated that telomerase activity was

decreased in the 1820P and 1847P cell lines (compare lanes 6

and 8 with 7 and 9, respectively). Since the p53 level appears to

be functional and responds to MNNG treatment in 1847P and

2215P cell lines, we expected a higher telomerase activity.

However, the telomerase activity was much lower in 1847P

cells than in 2215P cells. Taken together, our results did not

show a conclusive correlation between p53 levels and

telomerase activity that can be used as a prognostic factor for

cancer susceptibility in these family members. However, no

significant difference in telomerase activity was observed in the

1849P and 2215P cell lines treated with MNNG (compare

lanes 10 and 12 with 11 and 13, respectively).

Discussion

The purpose of this investigation was to determine whether

members of this family exhibiting sensitivity to sunlight and

other mutagens display mitotic catastrophe due to inherent

telomere dymamics. The observations presented regarding the

T and B lymphocytes of these family members further support

our earlier hypothesis that GIN is caused by attrition of

telomeric DNA. Therefore, telomere erosion is being

considered as a biomarker not only for apoptosis (3, 27-30),

but also for GIN and cancer predisposition (8). The most

important aspect of this validation was the exploration of

whether the biomarker can not only predict cancer risk but

also provide insight into cancer metastasis (31). Based on

studies of mitotic catastrophe, telomere dynamics, G-banding

analysis, in vitro sensitivity to radiomimetic and UV-mimetic

agents tested in lymphocytes, and TAs and quantitation of

telomeric DNA in PBLs obtained from healthy subjects and

cancer patients, we predicted the risk of metastatic cancer in

one member of this family (I-2). Because telomere attrition

results in CBs, some of which are causative in cancer

development (32, 33), we were not surprised to find family

members whose lymphocytes showed a significantly high

frequency of metaphases with aberrations, a high rate of TAs,

and varying amounts of telomeric DNA in a specific

chromosomal arm. We also predicted the occurrence of

metastatic colon cancer in family member I-2, a grandmother

whose telomeric DNA amount (2.90%) was extremely high

for her age and also the highest of all family members

(including the youngest member, III-9 [2.58%]). This woman

received an initial diagnosis of nonmetastatic adenocarcinoma

of the colon. However, due to her large amount of telomeric

DNA, we had predicted earlier that she might have metastatic

colon cancer. A year later, she was found to have a large

tumor in her ovarian area, which was determined to be a

metastasis from her colon cancer. We have made similar

observations in the lymphocytes of more than 100 patients

with metastatic and/or nonmetastatic prostate, breast and lung

cancer. Almost all of those with metastatic disease were

identified based on the unusually large amount of telomeric

DNA in their PBLs (Multani et al., under preparation). 

Additionally, a high frequency of CBs not only reflects

genotoxic exposure and sensitivity to clastogens but also

indicates predisposition to cancer development due to

individual susceptibility factors, such as having an inherently

smaller amount of telomeric DNA than normal age- and

sex-matched individuals do. We do not know why some of

the younger members of the family under investigation (e.g.,
III-1 and III-2) have a reduced amount of telomeric DNA

(1.48% and 1.37%, respectively) while some of the older

members (e.g., I-2 and II-2) have a larger amount (2.90%

and 2.39%, respectively). It is possible that the younger

members have defective stem cells or that their progenitor

cells have divided multiple times, resulting in loss of

telomeric DNA. On the other hand, amplification of

telomeric DNA in the older members’ lymphocytes could be

due to the presence of a metastatic tumor burden. How and

why telomeric DNA is amplified in the lymphocytes of

patients having metastatic cancer, such as family member 

I-2, is currently not known but is under intense investigation. 

Genetic susceptibility is heritable and puts individuals at

higher risk of developing cancer compared with those without

it (34, 35). Because of this, Hsu and associates (12) developed

a mutagen sensitivity test by examining induced chromosome

aberrations in lymphocytes as an indirect measure of DNA

repair and predisposition to cancer. In the present family

members, we found that the proband, who is extremely
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sensitive to sunlight, had a very high b/c rate (1.54), when her

lymphocytes were challenged with Bleo. Also, 19% of her

metaphases exhibited mitotic catastrophe, a value significantly

higher than that in normal controls (<0.9 %). As a matter of

fact, all of the family members except one (II-7), had a

significantly higher induced b/c rate than did the controls, who

were not as sensitive to sunlight. Because of this, the family

members have protected themselves from excessive exposure

to sunlight. Bleo is considered to be a radiomimetic agent,

whereas 4NQO is a UVmimetic agent. Family members

sensitive to both mutagens (II-1, II-2, II-3, III-1 and III-2) may

have multiple impaired DNA repair pathways. 

Telomeres, which prevent chromosomes from forming end-

to-end fusions and guard the nuclear genome against

disintegration, play a crucial role in genomic stability, the

hallmark of normal somatic cells. Individuals with inherent

genomic instability should therefore have reduced amounts of

telomeric DNA and a high frequency of TAs in their

chromosomes. Most of the members of the family studied

showed such characteristics except for I-2, who had metastatic

colorectal cancer, a frequency of metaphases with TAs of 52%,

and a telomeric DNA amount of 2.90% (Table I). Other family

members, such as III-1 and III-2, a brother and sister who were

28 and 25 years old, respectively, showed overall reduced

amounts of telomeric DNA (1.48% and1.37%, respectively) as

compared with III-8 and III-9, who were 24 and 22 years of

age, respectively, and had normal amounts of telomeric DNA

(2.66% and 2.58%, respectively) (36). These observations

indicate that there may be so-called "normal individuals" in the

general population, having inherently reduced amounts of

telomeric DNA very similar to that in patients having the

human syndromes AT, BS, FA and XP, whose cells have

reduced amounts of telomeric DNA compared with those in

age- and sex-matched normal individuals (8). 

Because individuals afflicted with premature aging

syndromes are known to develop cancer, so-called normal

individuals with reduced amounts of telomeric DNA may also

be predisposed to such diseases. Documented symptoms of

premature aging include the following (individuals in the

study family displaying each symptom are given in

parentheses): susceptibility to mutagens (all), early graying of

hair (I-2, II-3), greasy hair (I-2, II-2, II-3, II-5, II-7), early

thinning of hair (I-2, II-2, II-3), hyperplasia of sebaceous

glands (II-2, II-3, III-1), sunlight (UV)-hypersensitivity (I-2,

II-3), cancer predisposition (I-2, II-3), enhanced rate of

apoptosis (?), accelerated aging of skin (?) and development

of osteoporosis (II-5).

In addition, telomere erosion may repress certain genes,

such that differentiation is altered. Another possible

explanation is that individuals with a reduced amount of

telomeric DNA may have defective (overworked) stem cells,

which would support the hypothesis that all cancers

originate in organ- and tissue-specific stem cells (5, 30).

In earlier studies, the simultaneous occurrence of p53
gene mutations and high telomerase activity has been

associated with the grade of malignancy in non-small cell

lung carcinoma (37). However, in another study, using the

urethane-induced lung tumor in A/J mice, no apparent

correlation was observed between telomerase activity and

p53 gene mutations (38). In our studies also, there was no

correlation of p53 gene mutation, p53 protein level and

telomerase activity. However, in all the cases, the predictive

factor for predisposition of malignancy in these individuals

was certainly correlated with decreased telomeric DNA and

increased telomeric associations. 

In conclusion, we believe that a relatively noninvasive,

inexpensive FISH technique of analyzing telomeres in

lymphocytes can help, in the near future, to identify

individuals with premature aging phenotypes who may be

more susceptible to developing premalignant lesions because

of inherent genomic instability and also cancer patients whose

disease has the potential to become invasive and metastatic.  
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