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tured lymphoid cells (2). The MHC is a 
genetic region of higher organisms about 
two map units in length containing sever- 
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al loci coding for cell surface alloantigens 
with functions in self-recognition and de- 
fense (3). These alloantigens are poten- 
tially powerful markers for studying mu- 
tagenesis in human cells and for defining 
the mechanisms which give rise to so- 
matic cell variants. Somatic genetic ap- 
proaches in turn can be used to study the 
genetic organization of the MHC and the 
structure and function of its gene prod- 
ucts. We have now isolated and partially 
characterized over 100 such variants at 
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the HLA A and B loci in two lymphoid 
lines. Previous evidence excludes cer- 
tain possible mechanisms of HLA vari- 
ant formation, and suggests that the vari- 
ants arise from genetic changes (2, 4-6), 
but the evidence for genetic changes has 
not been definitive, limiting the useful- 
ness of HLA variants in immunogenetic 
studies. 

An important feature of genetic varia- 
tion is that it occurs randomly in time 
and independently of exposure to the 
agents used for selective isolation of the 
variants. Determining whether antigenic 
variants are genetic in origin is important 
because exposure of cells to antiserum 
directed against cell surface com- 
ponents, such as that used for selection 
of HLA variants, can under certain cir- 
cumstances induce epigenetic changes in 
antigenic expression (7). We now report 
evidence from fluctuation analysis and 
reconstruction experiments that HLA 
variants occur randomly in time and in- 
dependently of exposure to alloantise- 
rum. From the fluctuation data we have 
also obtained an estimate of the mutation 
rate at an HLA locus. These and other 
quantitative studies of alloantigenic vari- 
ant formation (6) have been facilitated by 
development of a system in which vari- 
ants can be isolated by a single exposure 
to selective conditions (2). 

Cell line T5-1, an established human 
diploid line of B lymphoid cell origin (8), 
was used for these studies. It is hetero- 
zygous for the linked loci HLA A and B 
and phosphoglucomutase 3 (PGM3); its 
HLA haplotypes are Al-B8 and A2-B27 
(6). Wild-type clones for determining the 
rate of spontaneous mutation were iso- 
lated by plating 3000 T5-1 cells in nutri- 
ent agarose; 10 to 14 days later, colonies 
were picked with a Pasteur pipette, 
transferred to liquid medium, and grown 
to 5 x 108 to 2 x 109 cells. Just prior to 
selection, the modal cell volume and vol- 
ume distribution of each clone were de- 
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Table 1. The number of resistant cells in different wild-type clones. 

Meafn Ratio Mean 
number Number Num- of number Muta- 
of cells ofp cells ber Resistant cells per sample* Mean Va- van- x2 P of resistant tion 

clone sample samples to cells per rate? 
oemean clonet 

Experiment I 
1 x 109 4 x 106 10 9 0 28 0 0 0 2 0 0 0 3.9 76.1 19.5 183. <.0001 9,750 1 x 10-6 

Experiment 2 

2 x 109 4 x 106 8 02 6 0 4 2 0 8 2.7 6.3 2.3 23.1 <.005 13,500 7.5 x 10-7 

Experiment 3 

5 x 108 4 x 106 5 00 0 1 8 1.8 10.4 5.7 27.1 <.001 2,250 6 x 10-7 
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HLA Variants of Cultured Human Lymphoid Cells: Evidence 
for Mutational Origin and Estimation of Mutation Rate 

Abstract. Variants of a diploid lymphoid cell line that show a loss of HLA-B27 
antigen occur randomly in time and independently of exposure to the alloantiserum 
used for their isolation. From these and previous findings of variant stability, induc- 
ibility by mutagens, and the absence of linked variation, we conclude that most HLA 
variants arise by mutation. The mutation rate for HLA-B27 loss is 8 x 10-7 per cell 
per generation. 
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*Each number is for the resistant cells (measured as colonies) from a sample of 4 x 106 cells from a wild-type clone. tCorrected for sampling. tCalculated 
from the average number of resistant cells per sample times the (I/sampling fraction) x (1/cloning efficiency). The average cloning efficiency was 0.10. ?Number 
of mutations per cell per generation [calculated from equation 8 in (18)]. 

19 AUGUST 1977 769 

*Each number is for the resistant cells (measured as colonies) from a sample of 4 x 106 cells from a wild-type clone. tCorrected for sampling. tCalculated 
from the average number of resistant cells per sample times the (I/sampling fraction) x (1/cloning efficiency). The average cloning efficiency was 0.10. ?Number 
of mutations per cell per generation [calculated from equation 8 in (18)]. 

19 AUGUST 1977 769 



Table 2. The number of resistant cells in different samples from the same culture. 

Num- Number Number nMer Ratio 

ber of o f cells of resistant me Vari- of 
samples sample added* cells per ance 

samplesadded*a to mean 
sample 

Experiment 1 
7 1 x 106 0 1.14 0.81 0.71 4.26 .6 

Experiment 2 
15 1 x 106 63 5.93 3.78 0.64 8.92 .5 

Experiment 3 
16 1 x 106 83 7.75 7.27 0.94 14.06 .5 

*In experiments 2 and 3, small numbers of cells from the resistant subline 5.11.5 were added to the T5-1 
culture prior to sampling to ensure that there would be sufficient resistant cells for counting; indicated are the 
number of 5.11.5 cells added per 1 x 106 T5-1 cells. 

termined by means of a Coulter counter 
and size plotter and compared to a 
known diploid stock of T5-1 to ensure 
*that the clones were diploid. (In some 
cases, the cellular DNA content of the 
clones was also compared to a diploid 
T5-1 stock culture by single cell micro- 
fluorometry. Tetraploids could readily 
be distinguished from diploids by either 
method.) Selection was performed as de- 
scribed (2, 9) with an absorbed mono- 
specific HLA-B27 alloantiserum (Asso- 
ciated Biomedic Systems 5200) and com- 
plement on four replicates of 1 x 106 
cells from each wild-type clone, after 
which the cells were plated in nutrient 
agarose. After 14 days of incubation, 
clones which had survived selection 
were counted, picked, grown in liquid 
medium, and tested on two or more oc- 
casions for resistance to cytotoxicity by 
the selecting antiserum and complement. 
A clone was considered resistant if its 
cytotoxic titer (the reciprocal of the dilu- 
tion of antiserum which killed 50 percent 
of the cells) was consistently one-fourth 
or less that of wild-type cells. A resistant 
clone was considered equivalent to a re- 
sistant cell in the selected population. 

The results of three fluctuation experi- 
ments are shown in Table 1. In each ex- 
periment the number of resistant cells 
varied widely from wild-type clone to 
clone. If this were due solely to sampling 
error, the number of resistant cells per 
wild-type clone should have a Poisson 
distribution, and the variance in the 
number of resistant cells per wild-type 
clone should equal the mean. In fact, the 
variance significantly exceeded the mean 
in each of the three experiments. In three 
control experiments (Table 2), in which 
replicate samples were drawn from the 
same uncloned stock T5-1 culture, on the 
other hand, the average numbers of re- 
sistant cells per sample and their vari- 
ances were approximately equal, in- 
dicating that no unusual sources of ex- 
perimental error were associated with 
selection and plating. The large dif- 

770 

ferences in the number of resistant cells 
in the fluctuation tests must therefore re- 
flect real differences in the number of re- 
sistant cells per wild-type clone, in- 
dicating that the variants arose randomly 
in time and were not induced by expo- 
sure to antiserum and complement dur- 
ing selection. If resistant clones arise 
from resistant cells present in the popu- 
lation at the time of selection, the num- 
ber of resistant clones recovered after 
selection should be proportional to the 
number of resistant cells present in the 
selected population. The results shown 
in Table 2, in which numbers of resistant 
cells were added to T5-1 cells in the three 
experiments, suggest such a proportion- 
ality. An experiment in which different 
numbers of resistant cells were added to 
T5-1 cells in a single experiment is 
shown in Table 3; again, the number of 
resistant colonies is proportional to the 
number of resistant cells in the selected 
population. 

These findings are consistent with a 
genetic mechanism of origin of HLA 
variants. They are inconsistent with cer- 
tain epigenetic mechanisms such as anti- 
genic modulation, "capping," and sup- 
pression which (i) are induced by antise- 

Table 3. The number of resistant colonies re- 
sulting from selection against cell mixtures 
containing small numbers of antiserum-resist- 
ant cells and large numbers of antiserum-sen- 
sitive cells. Selection was carried out with 
B27 antiserum against 1 x 106 T5-1 cells to 
which were added cells of the B27-resistant 
subline 5.11.5. Cloning efficiencies of cells ex- 
posed to medium in place of antiserum were 
0.16 and 0.15 for T5-1 and 5.11.5, respective- 
ly. 

Number of cells Number of 
in mixture resistant 

T5-1 5.11.5 colonies* 

1 x 106 0 

I 

1 x 106 54 8 
1 x 106 162 19 
1 x 106 430 91 

*Average from two replicates. 

rum, (ii) occur in most or all cells of an 
exposed population, and (iii) revert 
spontaneously at various times after re- 
moval of the antiserum (7). The forma- 
tion of HLA variants is distinguishable 
from these epigenetic phenomena not 
only by the fact that it is not induced by 
antiserum, but also by the fact that HLA 
variants grown under nonselective con- 
ditions after isolation retain the variant 
phenotype indefinitely (2, 6). Hyman and 
Stallings have used a sib selection meth- 
od to show that Thy-1 cell surface al- 
loantigenic variants of cultured mouse 
tumors also arise independently of expo- 
sure to antiserum (10). 

Concerning the nature of the genetic 
changes in HLA variants, we have found 
that known mutagens at appropriate con- 
centrations increase HLA variant fre- 
quency in T5-1 cells by greater than two 
orders of magnitude (6). Of some 30 vari- 
ants induced by the alkylating agent eth- 
yl methanesulfonate and the acridine de- 
rivative ICR-191, none have genetic le- 
sions which extend as far as 0.8 map 
unit, the distance between HLA A and 
B. These mutagen-induced variants are 
probably single gene mutants. The spon- 
taneously occurring variants examined 
thus far have similarly restricted genetic 
lesions (11), arise at random (this report), 
and most probably are also single gene 
mutants. In addition, some but not all 
variants, both spontaneous and muta- 
gen-induced, have residual reactivity for 
antiserums of the selecting specificity (6) 
or new antigenic determinants detectable 
with absorbed heteroantiserums (5). We 
believe it likely that these changes result 
from missense mutations in HLA struc- 
tural genes, but chemical character- 
ization of the altered gene product will 
be necessary to confirm this in any given 
variant. It also cannot be excluded that 
some variants might arise from muta- 
tions at other than the structural genes or 
by mechanisms which do not alter the 
nucleotide sequence. 

The close correlation recently found 
between the mutagenic and carcinogenic 
properties of environmental agents (12) 
demonstrates the need for systems ca- 
pable of measuring mutagenesis and ana- 
lyzing mechanisms of variation in human 
somatic cells. Other than in the studies 
reported here, however, the mutation 
rate has been measured for only one 
locus, the X-linked structural locus for 
hypoxanthine-guanine phosphoribosyl- 
transferase (HGPRT), in human diploid 
cells (13), and for about ten loci in all 
mammalian cell lines (14). In a number of 
the latter, the cell lines used were hyper- 
diploid, and chromosome segregation 
and other nonmutational mechanisms 
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were not excluded as causes of variation. 
Chromosome segregation can occur at 
high rates in hyperdiploid cells (15), and 
conclusions based on studies of variant 
formation in such cells may not be appli- 
cable to diploid cells. Heterozygous 
markers linked to the selected marker 
are helpful in distinguishing between 
chromosomal segregation and intra- 
chromosomal mechanisms of variation 
and are essential for detailed character- 
ization of intrachromosomal mecha- 
nisms of variation. HLA markers and se- 
lective systems are particularly useful in 
this regard because there are four closely 
linked HLA alloantigenic loci which in 
turn are linked to the structural loci for 
the polymorphic enzymes PGM3 and 
glyoxalase I. 

The mutation rate we have obtained 
for HLA B-27, approximately 1 x 10-6 
per cell per generation is close to that 
found for HGPRT in diploid human fibro- 
blasts (13). The gametic mutation rate for 
an H-2 gene in mice (H-2 is the mouse ho- 
molog of HLA) obtained by a grafting 
procedure was 5 x 10-1 per gene per 
generation (16). For the mutation rates in 
gametes and somatic cells to be com- 
pared, the rate for gametes must be divid- 
ed by the number of doublings preceding 
formation of mature gametes, which De- 
Mars has estimated to be 102 to 103 (17). 
Application of this correction factor re- 
sults in good agreement between the mu- 
tation rate in vivo for H-2 and the rate in 
vitro for HLA. This agreement may be 
fortuitous, however; it could reflect off- 
setting differences related to the different 
methods of mutant detection, errors in 
the assumptions made in calculating the 
correction factor, and possible intrinsic 
differences in the mutability of germinal 
as opposed to somatic cells or of particu- 
lar genes. These questions should be re- 
solvable by further studies of somatic 
and germinal mutation rates. Systems 
such as the HLA system which allow for 
evaluation of mutagenesis and for quan- 
titation and characterization of mecha- 
nisms of variation in diploid somatic 
cells should be valuable in this regard as 
well as in assessing the risks of environ- 
mental agents to humans. 

Note added in proof: Since submission 
of this manuscript we have isolated two 
variants of T5-1 with B8 antiserum in 
which both B8 and Al are affected. It 
thus appears that not all HLA variants of 
T5-1 are single gene mutants. 

DONALD PIOUS 
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vated hydra grow, bud, and develop 
rather normally (5, 6). To determine the 
developmental capabilities of denervated 
hydra we have analyzed the kinetics of 
polarity reversal in these nerve-free ani- 
mals. Polarity reversal is one of the most 
complex developmental traits analyzed 
in hydra and therefore represents the 
most severe test of developmental capa- 
bility in nerve-free hydra. 

An isolated segment of hydra's col- 
umn regenerates with strict polarity. A 
hydranth (hypostome and tentacle 
whorl) regenerates from the end that was 
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Polarity Reversal in Nerve-Free Hydra 

Abstract. Hydra experimentally depleted of all nerve cells and nerve stem cells 
(interstitial cells) demonstrate normal polarity reversal. Thus hydra epithelial cells 
are capable of controlling complex developmental patterning phenomena. 
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