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Application of DNA Fingerprints for Cell-Line Individualization
Dennis A. Gilbert,*'t Yvonne A. Reid,$ Mitchell H. Gail,§ David Pee,II Christine White,$
Robert J. Hay,$ and Stephen J. O'Brien *

*Laboratory of Viral Carcinogenesis, National Cancer Institute, Frederick, MD; tDepartment of Biology, Johns Hopkins University, Baltimore;
tAmerican Type Culture Collection, and §Biostatistics Branch, National Cancer Institute, Rockville, MD; and IIInformation Management
Services, Silver Spring, MD

Summary

DNA fingerprints of 46 human cell lines were derived using minisatellite probes for hypervariable genetic
loci. The incidence of 121 HaeIII DNA fragments among 33 cell lines derived from unrelated individuals
was used to estimate allelic and genotypic frequencies for each fragment and for composite individual
DNA fingerprints. We present a quantitative estimate of the extent of genetic difference between individu-
als, an estimate based on the percentage of restriction fragments at which they differ. The average percent
difference (APD) among pairwise combinations from the population of 33 unrelated cell lines was 76.9%,
compared with the APD in band sharing among cell lines derived from the same individual (K1.2%). In-
cluded in this survey were nine additional cell lines previously implicated as HeLa cell derivatives, and
these lines were clearly confirmed as such by DNA fingerprints (APD 0.6%). On the basis of fragment
frequencies in the tested cell line population, a simple genetic model was developed to estimate the fre-
quencies of each DNA fingerprint in the population. The median incidence was 2.9 x 10-17, and the
range was 2.4 x 10-21 to 6.6 x 10-15. This value approximates the probability that a second cell line
selected at random from unrelated individuals will match a given DNA fingerprint. Related calculations
address the chance that any two DNA fingerprints would be identical among a large group of cell lines.
This estimate is still very slight; for example, the chance of two or more common DNA fingerprints
among 1 million distinct individuals is <.001. The procedure provides a straightforward, easily interpreted,
and statistically robust method for identification and individualization of human cells.

Introduction

The development of in-vitro propagation of human cells
has been an extraordinary technical advance which has
applications in virtually all phases of human biology.
The history of this technology, however, has been some-
what tainted since its inception by a serious incidence
of mistaken cell identity and subsequent invalid con-
clusions due to cell contamination (Gartler 1967, 1968;
Nelson-Rees et al. 1974, 1981; Lavappa et al. 1976;
Nelson-Rees and Flandermeyer 1976; O'Brien et al.
1980). The most common contaminant was the notori-
ous HeLa cell line, which is an aggressive cervical car-
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cinoma cell line established by George Gey from a tu-
mor growing in a 31-year-old black woman, Henrietta
Lacks, who died from the condition in 1951 (Gey 1956;
Jones et al. 1971).
The first suggestion of frequent cell mix up came in

1967 when 18 human cell cultures were tested for an
isozyme marker, G6PD, and all expressed a G6PDA
phenotype, normally restricted to blacks (Gartler 1967,
1968). Since most of the indicated cell lines were pur-
portedly derived from Caucasian patients, it appeared
as if each had been taken over by an aggressive human
tumor line, HeLa, which was also G6PDA. These con-
clusions were strongly affirmed when common unique
chromosome translocation "markers" in each of the sus-
pect cell lines were found to be identical to those origi-
nally described in prototype HeLa culture (Nelson-Rees
et al. 1974). During the next decade over 90 HeLa cell
contaminations of human cells masquerading under
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different names were uncovered (Nelson-Rees et al.
1974,1980,1981; Nelson-Rees and Flandermeyer 1976;
Harris et al. 1981). At the time, these HeLa con-
taminants represented over one-third of the human
fibroblast cell lines developed for cancer research and
cell biology. The financial loss, in man-hours and re-
agents, from the HeLa contaminants is incalculable but
is likely to be in the tens of millions of dollars (Gold
1986).

Nelson-Rees's detective work employed G-trypsin
karyotyping and allozyme typing for G6PD, procedures
diagnostic for HeLa contamination but not necessarily
informative for cell contamination by other human cell
lines. For such cases, HLA typing (Ferrone et al. 1971;
Hsu et al. 1976) has been employed as well as the use
of six polymorphic gene-enzyme systems termed the
"allozyme genetic signature" (O'Brien et al. 1977, 1980).
The reliability of HLA typing is limited by occasional
loss of antigens as well as by unscheduled induction
of novel HLA epitopes during cell-culture passage
(Mann et al. 1983; Collins et al. 1986). The allozyme
genetic signature is statistically powerful for compar-
ing two or three cell lines, because it is based on the
cells' composite allozyme genotype frequency in hu-
man populations, always 4.02 (O'Brien et al. 1980).
However, when many cell lines of a collection are typed
for genetic uniqueness, the probability of chance iden-
tity increases. For example, in a sample of 20 cell lines
the expected probability of a match by chance is nearly
.50 (Gail et al. 1979; O'Brien et al. 1980).
With the advances of gene cloning, a number of ge-

netically hypervariable regions have been discovered in
humanDNA (Wyman and White 1980; Bell et al. 1982;
Proudfoot et al. 1982; Reeders et al. 1985; Stoker et
al. 1985). These regions, which are often members of
related gene families dispersed to several human chro-
mosomes, are composed oftandem repeats of short core
sequences that display abundant variation in the num-
ber of repeat units among alleles and among loci (Jeffreys
et al. 1985b; Nakamura et al. 1987).

Jeffreys and co-workers have described a set ofDNA
probes from such tandem repetitive minisatellites which
on hybridization to genomic DNA detect multiple
hypervariable loci producing a DNA "fingerprint," a
complex Southern blot pattern of multiple polymorphic
DNA fragments derived from numerous hypervariable
loci (Jeffreys et al. 1985b). DNA fingerprints show germ-
line stability and, with the exception ofMZ twins, are
completely individual specific (Jeffreys et al. 1985c).
They have been used successfully in forensic medicine
(Gill et al. 1985), in paternity determination for both

human and animal populations (Jeffreys et al. 1985a;
Burke and Bruford 1987; Jeffreys and Morton 1987;
Wetton et al. 1987; Lynch 1988), and in preliminary
reports for cell-line analyses (Thacker et al. 1988; van
Helden et al. 1988; Mann et al. 1989).
We report here the application of DNA fingerprint-

ing to a population of 46 human cell lines. The high
level ofpolymorphism detected by these probes allowed
an unambiguous individualization of each cell line
tested. Included in this analysis were nine cell lines which
had been previously implicated as HeLa derivatives by
cytogenetic and allozyme screens (for review, see O'Brien
et al. 1977, 1980; Nelson-Rees et al. 1980, 1981). These
cell lines showed a DNA fingerprint nearly band-for-
band identical to the original HeLa reference stock. A
parameter which quantitates the amount of genetic
difference between individuals, termed "average percent
difference" (APD), was calculated for each of 1,035 cell-
line pair combinations, based upon the occurrence of
121 unique bands in this population. DNA fragment
frequency was related to allele frequency at multiple
(N 10) homologous genetic loci by using a simple
genetic model that allowed the estimation of the prob-
ability of any particular DNA fingerprint, a value ex-
ceedingly small, in most cases <1 x 10- 16. The ap-
plication of these techniques to a population of cultured
human cells provides both a straightforward and ro-
bust measure of a cell-line individuality (or not) and
certain population genetic parameters of the alleles
tracked by the minisatellite probes.

Material and Methods

Cell Lines

All human cell lines were obtained from the Ameri-
can Type Culture Collection, Rockville, MD. The HeLa
cells and cells with HeLa marker chromosomes and
related characteristics were CCL 2 (HeLa), CCL 5 (L-
132), CCL 6 (Intestine 407), CCL 13 (Chang Liver),
CCL 17 (KB), CCL 18 (Detroit 98), CCL 21 (AV3),
CCL 23 (HEp-2), CCL 25 (WISH), and CCL 62 (FL).
The cells with no HeLa markers were (a) epithelial
like-CCL 30 (RPMI 2650), CCL 185 (A549), CL 187
(LS 180), CL 188 (LS 174T), CCL 218 (WiDr), CCL
221 (DLD-1), CCL 227 (SW620), CCL 228 (SW480),
CCL 229 (LoVo), CCL 233 (SW116), CCL 237
(SW948), and HTB 38 (HT-29); (b) lymphoblast like-
CCL 86 (Raji), CCL 87 (Jijoye), CCL 114 (RPMI 7666),
CCL 119 (CCRF-CEM), CCL 120 (CCRF-SB), CCL
155 (RPMI 8226), CCL 156 (RPMI 1788), CCL 159
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(IM-9), CCL 213 (Daudi), CCL 214 (NC-37), CCL 240
(HL-60), CCL 243 (K-562), CCL 246 (KG-1), CCL
246.1 (KG-la), and TIB 195 (CEM-CM3); (c)
fibroblastic-CCL 75 (WI-38), CCL 127 (IMR-32),
CCL 136 (RD), CCL 171 (MRC-5), CL 186 (IMR-90),
and CCL 212 (MRC-9); and (d) other-CCL 220
(COLO 320DM), CCL 220.1 (COLO 320HSR), and
HTB 64 (Malme-3M). Each cell line was cultured ac-
cording to the procedures recommended by the Amer-
ican Type Culture Collection for that line (Hay et al.
1988). Two to 4 x 108 cells of each line were harvested
and used for DNA extraction.
DNA Extraction and Electrophoresis
DNA was extracted according to standard procedures

(Maniatis et al. 1982). Eight micrograms ofDNA was
digested with 50 units of Hinfl or HaeIII in the reaction
buffers supplied by the manufacturer (BRL, Bethesda,
MD), in the presence of 4 mM spermidine trihydro-
chloride (Sigma Chemical) in a total reaction volume
of 100 Rl for 3 h at 370C. After digestion, 10 g1 of
0.2M EDTA, 3 M sodium acetate (pH 5.2) was added,
and the samples were extracted with an equal volume
of buffer-saturated phenol and were ethanol precipi-
tated. Pellets were washed in 70% ethanol, vacuum
dried, and resuspended in 17 pl of gel running buffer
(TAE; 40 mM Tris, 20 mM sodium acetate,
1 mM EDTA at pH 7.2). Samples were heated to 650C
for 15 min prior to loading. Electrophoresis was done
in 1% agarose gel (20 cm x 20 cm) with a 20-slot,
1-mm-wide comb at 70 V in 1 x TAE running buffer
until all fragments <1 kb had been electrophoresed off
the gel.

Southern Blotting and Hybridization

Gels were soaked in 0.4 N NaOH for 30 min (Reed
and Mann 1985) and then were blotted, by capillary
action in the same buffer, onto Biotrace RP nylon mem-
brane (Gelman Bioscience) for 8 h. After the blotting,
the membranes were rinsed twice in 2 x SSC and baked
for 2 h at 800C under vacuum. Membranes were wet-
ted in 0.1 x SSC for 10 min and then prehybridized
in 0.5M sodium phosphate at pH 7.2, 7% SDS, 1 mM
EDTA, and 1% BSA (Church and Gilbert 1984) for
1-2 h at 650C. Hybridization was carried out in the
same buffer, with the addition of 1 x 106 cpm/ml of
32P-labeled probe (see below), for 12-16 h at 650C.
Membranes were washed twice in 2 x SSC, 0.5% SDS
at room temperature for 10 min and then twice in 0.1
x SSC, 0.5% SDS at 500C for 30 min and finally were
rinsed once in 2 x SSC at room temperature for 10

min. Membranes were kept moist and wrapped in Sa-
ran Wrap and were exposed to Kodak X-Omat AR film
with one intensifying screen for 1-10 d.
The probe used was derived from the hypervariable

probe 33.6 (Jeffreys et al. 1985b). The RF form of the
M13-based 33.6 probe was digested with EcoRI and
BamHI, and the 600-bp fragment containing the 33.6
hypervariable sequence was subcloned into Bluescript
vector pSK(-) (Stratagene). From this new construct,
pSK33.6, the 600-bp EcoRI/BamHI fragment contain-
ing the original 33.6 sequence was gel purified. Twenty-
five nanograms of this isolated insert was rendered ra-
dioactive by random priming according to a method
recommended by the manufacturer (Random Primer
DNA Labeling Kit; Boehringer Mannheim).

For "high-resolution" gels, 4 gg of DNA prepared
as described above in a 5 il final volume was loaded
on a 3.5%, 1.5-mm-thick, 30-cm-long polyacrylamide
gel (19:1 acrylamide:bis) in 1 x TBE (0.89 M Tris-
borate, 0.025 M EDTA) running buffer on a Hoeffer
SE620 gel apparatus. Gels were run until the 80-bp
marker was at the 25-cm point. Gels were blotted as
above, but UV-Duralon (Stratagene) membrane was
used. Filter was UV cross-linked by using a Stratalinker
(Stratagene) at a total UV dose of 0.12 J. Membranes
were hybridized and washed as described above. These
gels allow separation, transfer, and resolution ofDNA
fragments in the 50-1,000-bp size range. IdenticalDNA
samples were also run on a 2% agarose gel to clearly
resolve fragments of 1,000-1,500 bp, so thatDNA frag-
ments in the overlapping molecular-weight range were
detectable on both the agarose and acrylamide gels.
Thus, we could be certain that we were not scoring
bands which previously had been taken into account.

Gel Analysis
Each hybridized membrane was exposed to X-ray film

for three different exposure times: 1-2 d to score high-
copy bands, 3-5 d to score medium-copy bands, and
6-10 d to score low- or single-copy bands. To enable
comparison of bands both within a gel and between
gels, two molecular-weight standards were run on both
sides of the gel. In addition, two cell lines (CCL 6 and
CCL 243) were run on each gel. Comigration ofDNA
fragments of the same molecular mass was concluded
when the difference in mobility of two fragments was
<2 mm in two or more duplicate autoradiograms of
20-cm-wide gels loaded with 18 sample DNAs. This
level of definition is affirmed by conformance of frag-
ment migration in DNAs from the 10 HeLa derivatives
(see figs. 1B and 1D). Different times of autoradiographic
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development (1-10 d) were used for diagnostic gels, and
only fragments visible on short (1-2-d) exposures were
included in the analysis (Lander 1989). A total of 121
distinct fragments within the molecular-weight range
of 1.0-15 kb were scored. The composite phenotype
of each DNA fragment of an individual comprised the
DNA fingerprint.

Genetic Model and Probability Calculations

The genetic calculations in the present paper are based
on the following genetic model: It is assumed that the
alleles tracked by the hypervariable probes are in Hardy-
Weinberg equilibrium and that fragments (bands) of
the same molecular weight and intensity represent the
same allele of a particular locus, although it is recog-
nized that this may not always be true (Lander 1989).
Each DNA fragment corresponds to a unique codomi-
nant allele on one ofL loci, but we do not know which
bands correspond to which loci. Nonetheless, the ob-
served DNA fragment frequency, Fi, is related to the
corresponding population allele frequency Ply, by Fj =
p2 + 2Pj(1-Pj). Here P,1 is the population frequency,
of allelej on locus 1, that corresponds to band i, i = 1,2
... 121. Solving, we estimate that Pj = 1 - (1-Fi)½
on the basis of band frequency data. Note that ZZjPj
= L, so that we can estimate the total number of loci
as L = 121 - Z,.21 (1- Fj)½2, which in our data is
9.406. On the basis of this calculation, and because
some persons were observed to have 20 bands, we as-
sume that L = 10. If our data included fragments which
are comigrating bands stemming from two different loci,
our calculation would underestimate the actual num-
ber of loci. This calculation does not require knowing
which alleles are associated with each locus (see Ap-
pendix).

If we knew which alleles were associated with each
locus, the probability of a givenDNA fingerprint ("com-
posite band pattern") would be the product, over all
loci, of the probability of the locus-specific genotypes.
If Ai alleles are associated with locus 1, there are C(Ai
+ 1, 2) distinguishable band patterns associated with
that locus when the notation C(a,b) = a!/[b!(a-b)!]
is used. The probability that the locus-specific band
pattern will have bands that correspond to allelesj and
k on locus I is given by P if] = k and by 2PI1Plk if
j # k. There are HM91C(Al + 1, 2) composite band pat-
terns, made up of all possible combinations of locus-
specific band patterns. If it is assumed that allele fre-
quencies at various loci are independent (see below),
the probability of a composite band pattern is the prod-
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uct, over loci, of the probabilities of the locus-specific
band patterns.
Because we do not know exactly which bands are

associated with which loci, a somewhat involved aver-

aging process, described in the Appendix, is used to
estimate the probability of a given composite band pat-
tern in the general population. In addition, we com-

pute an upper bound for that probability, as outlined
in the Appendix. We assume throughout that our 33
distinct cell lines are representative of all cell lines, even
though no random sampling plan was used to obtain
the cell lines.
Methods for estimating the probability of two or

more common composite band patterns amongN ran-

domly selected individuals are also given in the Appen-
dix. The genetic models were executed with results of
HaeIII. Similar evaluations were performed for Hinfl,
under a model with nine loci, as L = 114 - E114
(1-F,)½/2 = 8.342 loci.

Results

The DNA fingerprints of 46 human cell lines listed
in table 1 were determined using the minisatellite probe
designated 33.6 (Jeffreys et al. 1985b). The selected cell
lines included (1) nine cell lines (CCL 2, CCL 5, CCL
6, CCL 13, CCL 17, CCL 18, CCL 21, CCL 23, CCL
25, and CCL 62) previously shown, on the basis of
chromosome markers or allozyme genetic signature, to
be derivatives of HeLa; (2) four pairs of cell lines (CL
187/188, CCL 220/220.1, CCL 227/228, and CCL
246/246.1) derived from the same individual at differ-
ent times; and 28 cell lines of different origins consid-
ered, on the basis of their history, their allozyme genetic
signature, or other specific cell characteristics, to be
unique. In all, there were 33 different individuals repre-
sented in the survey.
Genomic DNA from each cell line was digested with

HaeIII and Hinfl, separated electrophoretically, trans-
ferred to nylon filters, and hybridized with the radiola-
beled hypervariable probe, 33.6. Representative au-

toradiograms for cell lines are illustrated in figure 1.
Relevant frequency and population genetic estimates

are summarized in table 2. The total number of frag-
ments resolved with both enzymes for each cell line var-
ied from 28 to 37, but the average was 34 bands/
individual DNA sample. As expected from the struc-
ture of minisatellites (Jeffreys et al. 1985b), the varia-
tion of fragment mobility between different individu-
als was great. Among the 33 individual lines, we could
resolve a total of 121 HaeIII fragments and 114 Hinfl
fragments over a molecular-weight range of 1-15 kb.
The frequency of appearance of each of the unique

fragments in the sample cell lines varied from .03 to
.78, with the majority (65%) having an incidence of
K.12 (fig. 2). The average band frequency for both en-

zymes was similar: .144 (range .03-.69) for HaeIII and
.137 (range .03-.78) for Hinfl. None of the fragments
was present in all individuals.

In order to compare individuals directly, the DNA
fingerprint of each cell line was compared with that
of every other cell line. The extent of quantitative genetic
difference was calculated as the percent difference (PD)
in resolved DNA fragments, i.e., the number of frag-
ments which were different between two cells divided
by the total number of fragments present in both cell
lines multiplied by 100. For each cell listed in table 1,
we computed the PD of HaeIII and Hinfl fragments
between that line and each of the other cell lines. We
present (1) the PD of HaeIII fragments in DNA finger-
prints between the unique cell lines (table 3) and (2)
the same estimates between pairs chosen from 10 HeLa
cell derivatives and from four pairs of unique cell lines
where each pair was derived from the same patient (ta-
ble 4). Comparison ofthe PD values of these two tables
shows the extreme power of the DNA fingerprint in
implicating identity of individual cell lines. PDs among
cells derived from the same individuals are very small
(0%-3%), while those between unrelated cell lines are

very high (47%-100%), with no overlap in 528 pair-
wise comparisons. The genetic uniqueness of each cell's
DNA fingerprint is apparent by computation of theAPD
of each cell line versus every other, unrelated cell line
(see table 1).
The four pairs of cell lines, which included separate

samples from the same individual, had a DNA finger-

Figure I Autoradiograms ofDNA fingerprint of cell lines by using probe 33.6. These are 3-4-d exposures (see Material and Methods).
A, HaeIII-digested DNA. Cell lines 187 and 188 were different explants from the same patient. Similarly, CCL 220 and 220.1 were derived
from the same donor at different biopsies. The arrow indicates a single novel fragment present in CCL 188 but absent in CCL 187; otherwise
all bands were shared in the two respective pairs. B, HaeIII-digested DNA of HeLa (CCL 2) and HeLa derivatives (CCL 5, CCL 6, CCL
13, CCL 17, CCL 18, CCL 21, CCL 23, CCL 25, and CCL 62). The arrow indicates the HeLa fragment present in all HeLa derivatives
except CCL 6 (see text). C, Hinfi-digested DNA of 10 representative unrelated cell lines. D, Hinfl-digested DNA ofHeLa and HeLa derivatives.
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Table 2

Observed Population Genetic Parameters in Population of 33 Individual Human Cell Lines when Minisatellite
Probe 33.6 Is Used

RESTRICTION ENZYME

HaeIII HinfI

Total no. of unique fragments ........ ..................... 121 114
Mean ± SD no. of fragments resolved per individual ........... 17.4 ± 1.8 15.6 ± 2.0
Mean frequency of fragment in population: probability that

fragment in A is present in B ............................. .144 .137
Allele frequency:
Median .............................................. .047 .063
Range ............................................... .015-.450 .015-539

Estimated DNA fingerprint frequency in human population:
Median .............................................. 2.9 x 10- 17 5.6 x 10- 17
Range ............................................... 2.4 x 10-21 to 6.6 x 10-15 1.2 x 10-19 to 1.2 x 10 14

Average heterozygosity:
Model I (see text) ...................................... .85 .87
Model II (see text) ............ ......................... .84 .87

APD among unrelated individuals ....... .................... 76.9 81.1

print virtually identical to each other but a highly dis-
tinctive phenotype from other cell lines (figs. 1A and
1C and table 4). The nine HeLa derivatives had almost
identical fingerprints to the HeLa standard, with only
1 of the 36 resolved bands differing (APD = 0.6%)
(see figs. 1A and 1C). The reason for these differences
is unknown but could represent chromosome loss or

rearrangement, which is known to occur in the cultur-
ing of human tumor cells (Lavappa et al. 1976).
The resolved DNA fragments have been shown to

represent multiple alleles of several human loci dispersed
on numerous human chromosomes (Jeffreys et al.
1985c). The fragment size variation detected by this
probe reflects allelic differences in the number of tan-
dem repeats of a short consensus DNA sequence pres-

ent in each allele/locus. If we presume that the alleles
at minisatellite loci assort independently and accord-
ing to a multinomial distribution (i.e., conform to the
Hardy-Weinberg equilibrium) in human populations,
then the estimated allelic and genotypic frequencies can
be used to predict genotypic incidence in a population
of human cells. We tested for evidence of allelic inde-
pendence (or association) by computing x2 values for
each of 7,260 pairwise combinations of 121 fragments
in the population, by using a method designed to ac-

count for large numbers of comparisons (Schweder and
Spjotvoll 1982). This test does not assume that a par-
ticular band corresponds to a particular allele at a par-

ticular locus, but it is designed to detect nonrandom
association of any two fragments. Nonrandom associ-

ation would occur if two fragments were in linkage dis-
equilibrium or if the restriction endonuclease cut within
a minisatellite allele and produced adjacent flanks (Wong
et al. 1986). No evidence of fragment association was
detected with tests using all 121 alleles or when only
abundant alleles (F.> .18) were tested for association,
a finding supporting our assumption of independent
allelic assortment in the cell populations. We therefore
can estimate the allele frequency of any fragment, p,
as p = 1 - (1 - F)½2, where F is the corresponding
fragment frequency. The median value of p was .047
(range .015-.450) for HaeIII and .063 (range .015-.539)
for Hinfl (table 2).
An approximation of the individual frequency of a

given DNA fingerprint is derived from the cumulative
genotype frequencies (both homozygotes and hetero-
zygotes) derived from the genetic model described in
Material and Methods. In this model for HaeIII, we
assume that multiple alleles at 10 polymorphic loci seg-
regate independently in the population. Nine loci are
assumed for Hinfl. In the special case of heterozygosity
at each of these loci, the frequency would be estimated
simply by rFIL2pq, where L is the number of loci and
p and q are alternative allele frequencies at the ith locus
(as in Jeffreys et al. 1985c). Since individuals show vari-
ation in the number of resolved fragments, the present
model allows the possibility that some of these frag-
ments represent homozygous alleles. We used a weighted
averaging process based on allele frequencies (see Ap-
pendix) to account for the effects of homozygosity on
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Figure 2 Frequency of occurrence of different DNA fragments
among the 33 distinct individual cell lines. The frequency was deter-
mined by dividing the number of cell lines exhibiting a particular
band by the total number of unique cell lines tested (33).

fingerprint frequencies. We present the derived finger-
print frequency for each cell line in table 1. The median
DNA fingerprint frequency was 2.9 x 10- 17 for HaeIII
(range 2.4 x 10 -21 to 6.6 x 10-15) and 5.6 x 10-17
for Hinfl (range 1.2 x 10- 19 to 1.2 x 10 - 14). These
estimates represent the probability that a particular
DNA fingerprint will be matched in a second, unrelated
cell line. We believe that these probabilities are conser-

vative, because they usually exceed similar estimates
based on the more realistic model ofN = 11 loci, where
certain alleles are invisible because they are below the
resolvable fragment size (K1.5 kb) of the gel system (see
below and Appendix).

In addition to our best estimate, based on averaging,
we present an upper bound on the probability of each

DNA fingerprint (table 1), as calculated in the Appen-
dix. Note that the upper bound tends to be about three
times larger than the estimated probability, but even
the upper bound is tiny.

Average heterozygosity over all loci depends on how
those few alleles that occur in relatively high (<.20)
frequency are distributed over loci. Because their dis-
tribution is unknown, we provide two estimates based
on two extreme models (see Appendix). Model I as-
sumes that abundant alleles are clustered to a minimum
number of loci; model II assumes that abundant alleles
are distributed equally over all loci. Using the proce-
dure described in the Appendix for the Hae III data,
model I provides an estimate of average heterozygosity
of .85, and for model II average heterozygosity is .84.
For Hinfl, this estimate of average heterozygosity is .87
under both models.
The probability of a chance match of DNA finger-

prints in groups ofN randomly selected individuals has
been computed using a modification of the "general-
ized birthday problem" methodology previously applied
to allozyme genetic signatures (Gail et al. 1979; O'Brien
et al. 1980). Unlike theory for the classical "birthday
problem," where each birthday is equally likely (i.e.,
1/365), the present methods account for the apprecia-
ble variation in frequencies of individual DNA finger-
prints in human populations (see table 1 and Appen-
dix). As before, two extreme models relating to the
dispersal of abundant alleles were considered. Model
I assumes that abundant alleles are clustered to a mini-
mal number of loci and produces more homogeneous
fingerprint frequencies; model II assumes equal distri-
bution of more abundant alleles among all loci and
would produce relatively heterogeneous DNA finger-
print frequencies. The results (table 5) are quite dra-
matic even when thousands of individuals are typed.
The two models gave very similar estimates, indicating
that the dispersal of abundant alleles is of small conse-
quence in the computation. Thus, if 100,000 randomly
selected cells were typed, the probability of match by
chance remains vanishingly small (3-5.7 x 10-6).

Since DNA fingerprinting gels are routinely electro-
phoresed until all fragments <1 kb are run off the gel,
it is not known what effect those missing fragments
would have on our calculations and genetic modeling.
In order to address this point, we performed "high-
resolution" DNA fingerprinting analysis on DNA from
the 33 unique cell lines (see Material and Methods).
Polyacrylamide-gel electrophoresis was used to resolve
all detectable HaeIII fragments in a 50-1,000-bp range.
The average number of additional fragments detected
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Table 4

PD' in Haelll Fragments Retained between Multiple Cell Lines Derived from Five Unrelated Individuals

CCL CL CCL

2 5 6 13 17 18 21 23 25 62 187 188 220 220.1 227 228 246

CCL:
5 . . 0
6 .................. 3 3
13 .................. 0 0 3
17 .................. 0 0 3 0
18 .................. 0 0 3 0 0
21 .................. 0 0 3 0 0 0
23 .................. 0 0 3 0 0 0 0
25 .................. 0 0 3 0 0 0 0 0
62 .................. 0 0 3 0 0 0 0 0 0

CL:
187 (LS180) .......... 68 68 73 68 68 68 68 68 68 68
188 (LS174t) ......... 68 68 73 68 68 68 68 68 68 68 3

CCL:
220 (COLO 320 DM).. 83 83 83 83 83 83 83 83 83 83 79 79
220.1 (COLO 320 HSR) 83 83 83 83 83 83 83 83 83 83 79 79 0
227 (SW620) ......... 73 73 72 73 73 73 73 73 73 73 74 74 68 68
228 (SW480) ......... 73 73 72 73 73 73 73 73 73 73 74 74 68 68 0
246 (KG-1) .......... 74 74 80 74 74 74 74 74 74 74 64 63 68 68 69 69
246.a (KG-1A) ........ 74 74 80 74 74 74 74 74 74 74 64 64 68 68 69 69 0

a Mean PD for HeLa derivatives = .57, median PD = .0; PD range = .00-2.86; SD = 1.16. For the four pairs of cell lines derived
from the same patient, the inter se mean PD = 1.19, median PD = .00; PD range = .00-4.76; SD = 2.38. Compare with Note to table 3.

in this low-molecular-weight range was 4.4 (range 3-6).
We resolved 11 new unique bands, with an average band
frequency of .25. Overall, the additional 11 bands rep-
resent 9% of the total fragments scored. The number
of additional loci represented by these low-molecular-
weight fragments can be estimated as L = 11 - D1

Table 5

Estimated Probability of Chance Identity of Two DNA
Fingerprints in a Population of N Individuals

N Model I Model II

2 .... <10-7 <1o-7
10----- <10-7 <10-7
102 ..... <10-7 <10-7
103 ..... <10-7 <10 -7

104 ..... <10-7 <10-7
10S..... 3.0 x 10-6 5.7 x 10-6
106 ..... 3.0 x 10-5 5.6 x 10-4
107 ..... 3.0 x 10-3 5.5 x 10-2

NOTE. -Model I assumes clustering of abundant alleles to a mini-
mum number of loci producing more homogeneous DNA finger-
print frequencies; model II assumes equal distribution of the more
abundant alleles (i.e., P > .20) among all loci and produces rela-
tively heterogeneous composite frequencies.

(1-Fi)½'2 = 1.7. The sum of fragments resolved by con-
ventional and "high-resolution" DNA fingerprints was
considered in extended calculations of fingerprint prob-
abilities discussed in the Appendix. Inclusion of these
additional fragments and predicted additional loci do
not substantially affect the derived probability values
(compare table Al with tables 2 and 5). Thus, calcula-
tions presented above that are based on scoring of
agarose-gel fragments of >1 kb provide an accurate sam-
pling of the hypervariable loci represented in the hu-
man genome.

Discussion

A survey of 33 unique cell lines demonstrated that
DNA fingerprinting using human minisatellite probes
is a verifiable and rigorous method for discriminating
individuals and for detecting genetic identity among
human cell lines. On the basis of band frequencies in
the tested cells, we detect an average allele frequency
of .07 and a median composite DNA fingerprint fre-
quency of 2.9 x 10-17. This frequency approximates
the probability that a randomly selected cell line would
match a given DNA fingerprint by chance.
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In order to quantitate the extent of genetic difference
between individuals, we computed the PD, in fragment
retention, between each individual cell line in the sur-

vey. The APD between unrelated cells was 76.9% (range
70.3%-84.2%). For three pairs of cell lines derived
from the same patient, the DNA fingerprints were iden-
tical (PD = .0). In a comparison of nine cell lines shown
previously to be HeLa derivatives, eight had a DNA
fingerprint which was identical to that of prototype
HeLa (CCL 2), and one (CCL 6) had a single fragment
difference. Each of these HeLa derivatives had an APD
of 75.1% (79.5% for CCL 6) versus all other cells. The
loss of a common fragment in the HeLa derivative CCL
6 is not easy to explain but could reflect derived mo-

nosomy in certain cells (those which lack the fragment)
of chromosome segments that contained the missing
allele. This explanation would be supported by the dy-
namic nature of heteroploid human tumor cells in cul-
ture, particularly in HeLa (Lavappa et al. 1976; Nelson-
Rees 1980). Nonetheless, the extreme similarity (PD
= 97%-100%) of these derivative cell lines is dramati-
cally different from the extent of band sharing between
unrelated cells (ru20%). Among first-order relatives
(parent-offspring and siblings) one would expect only
60% identity, so a PD of0%-3% would most certainly
be interpreted as identity plus cell culture-associated
allelic loss rather than as consanguinity in human popu-

lations.
We have used a simplified genetic model with 10 loci

to account for findings and to carry out probabilistic
calculations. The assumption of no linkage disequi-
librium is crucial to our calculations, but our data,
which have limited power to detect disequilibrium, do
not indicate its presence. The fact that we do not know
which alleles reside on which loci does not prevent our
estimating individual allele frequencies- or even our

getting reasonable estimates of the probabilities of any
particular fingerprint. The present method is more

realistic than a similar estimation of DNA fingerprint
frequencies in human populations that was developed
by Jeffreys et al. (198Sb, 1985c), because the present
procedure accounts for the occasional presence of
homozygosity that will occur in screens ofVNTR loci
with multilocus profiles.

Recently, on the basis of data on single-locus probes,
the question has been raised (Lander 1989) as to whether
the VNTR loci are in Hardy-Weinberg equilibrium. In
the multilocus system used here it is impossible to
calculate the actual frequency of heterozygotes and
homozygotes detected by the hypervariable sequence

probes. We have assumed that the alleles detected are

in Hardy-Weinberg equilibrium, since none of the tests
applied (see above) have indicated any significant frag-
ment associations. However, if more genetic data on
which alleles belonged at which loci were available, we
could obtain improved estimates of allele frequencies
and the probabilities of individual fingerprints. Lack-
ing this information, we have taken a "worst case" and
"best case" approach in table 2, in an effort to bracket
the true probabilities (see Appendix).
A striking aspect of the HeLa DNA fingerprints is

their relative stability over prolonged culturing in a va-
riety of conditions. Each of the HeLa derivative cell
lines has been maintained as a separate culture for >20
years and often through hundreds of passages (see ta-
ble 1). Even with marked variation in cytogenetic, bio-
chemical, and differentiated functions (Nelson-Rees et
al. 1980), these lines give a DNA fingerprint that is vir-
tually identical to the HeLa standard (figs. 1B and 1D
and table 4). Thus, it appears that these cell lines were
contaminated with HeLa early in their history and that
the cultures subsequently deposited with the American
Type Culture Collection for distribution were simply
HeLa lines. In addition, the four pairs of cell lines ob-
tained from the same patients at different times and
under different conditions showed nearly identical
fingerprints. Thus, a DNA fingerprint remains herit-
able and stable even after a heteroploid transformation
and continuous in vitro passage. It appears, therefore,
that DNA fingerprinting is a reliable method for cell-
line individualization, a method which exceeds the
genetic resolution of other techniques previously em-
ployed in cell-culture monitoring. The application of
this procedure represents an extremely accurate and rel-
atively straightforward method to assure the continued
integrity of culture collections and to ensure that fu-
ture cell-line cross contamination or misidentification
can be quickly recognized.
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Appendix
Estimates of Frequencies for Individual Fingerprints
and for the Chance of Common Fingerprints
among Groups of Randomly
Selected Individuals

Individual Fingerprint Probabilities Based on the
Simple Model with 10 Loci

As in the text, we let Fi be the observed frequency of
band i, and we define the estimated allele frequency
pi = 1 - (1- Fi)½ corresponding to band i. If we knew
that this allele was the jth allele on locus 1, we would
identify pi - Ply in the earlier notation of the text.

First, consider a pattern with exactly 20 bands. Then
each of the 10 loci must be heterozygous. If we knew
which bands were associated with which loci, we would
estimate the probability of that composite band pat-
tern as HM% 2P~jPlk = 21011pi, where the last product
is over the bands present. Note that this estimate does
not require knowing which bands are associated with
which loci. Suppose instead that only 19 bands are pres-
ent, and suppose that the homozygous band is labeled
i. Then the probability of the composite band pattern
is estimated by pi29H1joipj = pi29Hlpj, where the prod-
uct is over all distinct bands (19 in this case). In the
absence of knowledge about which band is homozy-
gous, our best estimate of pj29Hlp is obtained by
replacing pi by its expected value. The expected value
of pi over all possible choices for the unknown
homozygous allele, when one of the observed bands
must represent an homozygous allele, is >Zp,/4pi,
where sums are over all observed bands. In general, if
B bands are observed, we define D = 20 - B and esti-
mate the probability of the composite band pattern by
K210-Dflp where the product is over all observed
bands, where K = ZPp .... Pi /ZPIp,2 ... PiD,
and where the sums are over all C(BD) ways of select-
ing D homozygous alleles from B alleles. Of course,
if we knew which bands were associated with which
loci, we would not need to go through this averaging
process, since we would know exactly which bands rep-
resented homozygous alleles.
We obtain an upper bound on the probability of the

observed composite band pattern as follows. For 19
bands, the upper bound is (largest pj)29Hpj where
(largest pj) is the largest pj among the 19 observed
bands and where the product is over all observed bands.
For 18 observed bands the upper bound is (largest pj)
(next largest pj)28npj. For fewer bands, the upper
bound is calculated similarly.

Estimates of Probability of Two or More Common
DNA Fingerprints among N Randomly Selected Individuals,
Based on the Simple Model with 10 Loci
Suppose we know that there are Ai alleles on locus

I for 1 = 1.2, . . . 10. Then there are s = MO QC(AI
+ 1,2) possible DNA fingerprints (composite band patterns).
Let y, be the frequency of fingerprint i, for i = 1,2, . . .
s. Gail et al. (1979) give a general method to compute
the probability of no common fingerprints among N
randomly selected individuals. Their equation (3.8) pro-
vides an excellent approximation based on Zyi, Zy$,
and Zyi4, where all sums are over i = 1,2, .. . s. Be-
cause all the y, are so small in the data we are consider-
ing, the simpler equation (3.10) in Gail et al. (1979)
yields virtually identical results. It approximates the
probability of two or more common fingerprints as

1 - exp[-C(N,2) Zy] . (Al)

Equation (Al) is smallest, for fixed N, if all the yi
are equal to s-1. Thus, allocations of alleles to loci
that result in a homogeneous set of probabilities {yi}
will tend to minimize the chance of one or more com-
mon fingerprints amongN individuals. Likewise, allo-
cation of alleles to loci in such a way as to cause some
yi to be much larger than others will produce a greater
chance of one or more common fingerprints. There-
fore we chose two extreme hypothetical allocations of
alleles to loci designed to produce relatively homoge-
neous [yi} or very heterogeneous {yi}, in an effort to
bound the true probability of one or more common
signatures.
To achieve heterogeneous {yi}, we ranked the pi with

p(1) > p(2) > p(3),... p(121). Then p(1) was assigned
to locus 1, p(2) to locus 2, . . . p(10) to locus 10, p(11)
to locus 10, p(12) to locus 9, and so forth until all p(i)
had been assigned, subject to the constraints that the
sum of allele probabilities must not exceed 1.0 at any
locus. Minor rounding errors were handled by renor-
malization of allele probabilities at each locus after al-
location of alleles. This allocation is called model II
in the text; the abundant alleles are evenly distributed
over loci. This allele allocation produces great hetero-
geneity in yi. To compute the smallest yi under model
II, we examined each locus in turn. For locus 1 with
Ai alleles, we consider all Ai(Ai +1)/2 possible homozy-
gous and heterozygous allele patterns, with probabili-
ties P, P12 . .. , 2PtlPi2, 2P,22Pi3, . . ., 2P12P13, and so
forth. We found the smallest of these probabilities for
each locus, l. Multiplying L such minima together, we
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obtained the smallest possible value of yi under model
II, namely, 1.8 x 10-35. Likewise, the most probable
composite band pattern was found by selecting the
largest of the previous probabilities at each locus and
multiplying these together to obtain 2.1 x 10-11,
which is more than 24 orders ofmagnitude greater than
the minimum value above. This justifies our descrip-
tion of model II as leading to "heterogeneous" values
of yi.

Relatively homogenous [{yi} were produced by filling
up locus 1 with the largest p(i) possible, then filling
up locus 2 with the remaining largest p(i) and so forth.
Loci 8-10 contain only small p(i) values, whereas loci
1-3 contain mainly large p(i) values. We call this allo-
cation model I in the text; the abundant alleles are

clustered in a few loci. Under model I, the smallest value
of yi was found to be 1.5 x 10-30, and the largest
value was 6.4 x 10-16. Although these probabilities
are vastly different, they differ by only 14 orders ofmag-
nitude, compared with 24 orders of magnitude in the
"heterogeneous case" above. We therefore describe
model I as leading to relatively "homogeneous" finger-
print probabilities.

In order to use equation (Al), we need to calculate
ZY2 For the homogeneous case (model I) there are s

= 0.158 x 1018 different fingerprints, whereas for the
heterogeneous case (model II), s = 0.798 x 1019.
Even with modern computers it is not feasible to calcu-
late this sum directly. Therefore, Zy~was estimated by
the following Monte Carlo method. The C(Ai + 1,2)
genotypes were listed at locus 1, I = 1,2, . . . 10. One
of these genotypes was selected at random with equal
probability and independently at each locus. The cor-

responding yi were computed as the product of terms
such asp2 or such as 2P1jPlk, depending on whether
the selected genotype at locus 1 was homozygous or het-

erozygous. Once y, was computed, so was 'y, '4, and

y4. This process was repeated 1 million times, and the
average values X,, Y', and y4were computed. Then Zy2
Z', and Zy4were estimated as s'42 syi3 and sy4, respec-

tively. These quantities were substituted in Gail et al.'s
equation (3.8) to produce the results in table 2. The
simpler formula (Al) yields identical results in table 2.

Models with I/ Loci and Invisible Fragments for HaelIl

On the basis of "high resolution" experiments, we

consider a model with 11 loci, of which 1.7 correspond
to 11 alleles whose fragments are not routinely detect-
able. We were not able to calculate probabilities ofDNA
fingerprints without assuming which "visible" and "in-
visible" alleles were on specific loci. We therefore con-

sider the following two specific models in which the 11
"invisible" alleles each have probability r = (11-9.406)/
11 = 0.145 and in which one such allele resides on each
locus. Models I and II are created by allocating the "visi-
ble" alleles to the 11 loci as described above. To com-

pute the probability of a given "visible" DNA finger-
print, we assume independent assortment at each locus,
as before, and for locus 1 we use terms such as r2 P2
+ 2Pijr, or 2P1jPlk, respectively, according to whether
zero, one, or two visible fragments are associated with
that locus. Note that a single visible fragment may rep-

resent either a homozygous allele or a heterozygous
visible-invisible combination. Calculations of the prob-
abilities of two or more common DNA fingerprints in
a random sample ofN individuals are similarly modified
to account for invisible fragments and 11 loci. In par-

ticular, there are now s = HI11[C(Ai +1,2)+1} possi-
ble visible DNA fingerprints, because some loci may
yield no visible fragments, and the Monte Carlo esti-
mation procedures must be modified to select from the
C(Ai +1,2) + 1 distinguishable visible patterns at lo-

Table Al

Estimated Probability of Chance Identity of Two DNA Fingerprints in a Population of N Individuals

Model I (homogeneous) Model II (heterogeneous)

DNA fingerprint probability:
Median ................. 6.4 x 10-18 5.7 x 10-18
Range .................. 1.1 x 10-20 to 2.3 x 10-16 4.1 x 10-20 to 2.7 x 10-is

Probability of two or more
common DNA fingerprints:
N = 10. <10-7 <10-7
N = 105. 5 x 10-7 6 x 10-7
N = 106. 5 x 10-5 6 x 10-5
N = 107. 5 x 10-3 6 x 10-3
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cus I by generating probabilities r2, 2P1]Plk for all j #
k and = 2Pljr for allj + 1,2,... Al "visible" alleles.
The results of these calculations are summarized in

table Al. It is seen that median DNA fingerprint prob-
abilities are smaller by a factor of about eight, com-
pared with estimates from the simple model with 10
loci (table 2). For model I the estimated probability of
two or more common DNA fingerprints is nearly the
same as for the simple model with 10 loci (table 5),
whereas for model II the estimates of common DNA
fingerprints are smaller by a factor of 10 than are esti-
mates based on only 10 loci. We conclude that the sim-
ple model with 10 loci tends to yield conservative results.
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