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Abstract

It has been proposed that hypermutability is necessary to account for the high frequency of mutations
in cancer. However, historically, the mutation rate (1) has been difficult to measure directly, and
increased cell turnover or selection could provide an alternative explanation. We recently developed
an assay for p using PIG-A as a sentinel gene and estimated that its average value is 10.6 x 10°/
mutations per cell division in B-lymphoblastoid cell lines (BLCLs) from normal donors. Here we
have measured p in human malignancies and found that it was elevated in cell lines derived from T
cell acute lymphoblastic leukemia, mantle cell lymphoma, follicular lymphoma in transformed phase,
and 2 plasma cell neoplasms. In contrast, u was much lower in a marginal zone lymphoma cell line
and 5 other plasma cell neoplasms. The highest p value that we measured, 3286 x 107/, is 2 orders
of magnitude above the range we have observed in non-malignant human cells. We conclude that
the type of genomic instability detected in this assay is a common but not universal feature of
hematologic malignancies.
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1.0 Introduction

A model sentinel gene to measure spontaneous somatic mutations must be non-essential for
growth or viability, and the mutant phenotype must be detectable among a vastly larger
population of normal cells. Since a single mutation conferring loss of function could be
complemented by the wild type allele on the homologous chromosome, most autosomal genes
are not suitable for this purpose. However, due to hemizygosity in males and X-inactivation
in females, a single mutation is sufficient to inactivate X-linked genes. For example, among
lymphocytes in normal adults, resistance to 6-thioguanine occurs as a consequence of a
spogtaneous inactivating mutation in HPRT (Xg26-g27.2), at a frequency (f) of ~ 2- 10 x
107 [1].
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While f represents the proportion of mutants within a population, the mutation rate (p)
represents the probability of a new mutation per cell division. If mutations are growth-neutral,
f will increase over time according to the formula Af = p x Ad, where d represents number of
cell divisions. By analysis of f values for HPRT in human population groups of different ages
and estimates for Ad in human lymphocytes in vivo, it has been proposed that the normal p
value for this gene is ~8.4 x 1077 per cell division [2]. Similarly, based on population variances
in f values for the GPA gene [3], 1 has been estimated to be 2 - 4 x 107, Given such estimates,
Loeb proposed that hypermutability would be essential for carcinogenesis, if the number of
mutations required for malignancy (n) is >2 [4]. It was subsequently shown that n is likely >
5, and it may be much higher [5,6].

In support of this model, a great increase in the frequency of an intronic p53 mutation has been
demonstrated in diverse tumor types [7]. While an increase in f suggests an elevation in p,
selection or an elevation in d could have the same effect. Measurements of p in tumors by
fluctuation analysis have suggested hypermutability [8], but this technique has not been
universally accepted for human tissue culture [9]. Others have calculated p by the formula
Af = p x Ad, after depletion of pre-existing HPRT mutants using hypoxanthine-aminopterin-
thymidine (HAT) [10]. Whereas colon cancers have exhibited an elevated p [11], mutant
frequency data has been variable for hematologic malignancies [12], which some have
attributed to metabolic cooperation [13,14].

We have recently developed a technique for the direct measurement of p, which uses the PIG-
A gene (Xp22.1) as a sentinel [15]. PIG-A encodes a subunit of a protein complex in the
endoplasmic reticulum, which catalyzes the transfer of N-acetylglucosamine to
phosphatidylinositiol, the first reaction in the biosynthesis of glycosylphosphatidylinositol
(GPI) [16]. PIG-A mutations disrupt the synthesis of GPI and the expression of proteins (e.g.
CD48, CD52, CD55, CD59) that require GPI for their attachment to the cell surface [17,18].
Expanded populations of hematopoitetic stem cells with mutations in PIG-A mutations are the
hallmark of Paroxysmal Nocturnal Hemoglobinuria (PNH). From this condition, it is known
that a broad spectrum of mutations can disrupt the function of PIG-A [19]. Males are
hemizygous for X-linked genes, and PIG-A is completely silenced on the inactivated X-
chromosome in females [20]. Therefore only one mutation is required to produce the GPI (-)
phenotype, and males and females are equally affected [19].

Apart from the peculiar expansion of the PIG-A mutant stem cell clone in PNH, there is
evidence that under almost all other circumstances, PIG-A mutations are growth neutral in
vivo in nucleated cells in humans and mice as well as in vitro [15,21,22]. As for HPRT, normal
individuals harbor rare cells with PIG-A mutations [23], which can also arise in vitro in cell
lines [15,24]. By flow cytometry, pre-existing mutants can be depleted, and a large number of
cells can be analyzed to determine not only f, butalso 1 [15]. Here we have applied this approach
to investigate the role of genomic instability in human hematologic cancers.

2.0 Materials and Methods

2.1 Cell Lines and culture media

HBL2 (derived from a human mantle cell lymphoma), PR1 (derived from a human transformed
follicular lymphoma), SSK41 (derived from a human marginal zone lymphoma) [25,26], Jurkat
(derived from a human T-cell acute lymphoblastic leukemia) and lines derived from human

plasma cell neoplasms as well as an EBV transformed B-lymphoblastoid cell line from a normal
individual were analyzed to determine the mutation rate. Plasma cell neoplasm lines ARH-77,
RPMI-8226, KMS-11, ARP-1, U266, and SKMM2 were gifts from Dr. Hearn Cho, and NCI-
H929 was obtained from the ATCC. Cells were grown in RPMI, 15% FCS, non-essential amino
acids, L-glutamine, and penicillin-streptomycin. A BLCL from a patient with PNH that had
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both GPI (+) and GPI (-) populations served as a control. Preliminary studies demonstrated
that HBL2 and PR1 had significant pre-existing GPI (-) populations. For PR1, GPI (+) cells
were selected by sorting, from which clones were then isolated by limiting dilution in 96 well
plates. A GPI (+) clone (PR1-C) was selected for further studies. For HBL2, GPI (+) clones
designated HBL2-A, HBL2-B, and HBL2-C were also isolated in this manner. Limiting
dilution cloning was also performed to establish 5 clones of Jurkat and 4 subclones of PR1-C.

2.2 Calculation of the mutation rate

Calculation of the mutation rate using the PIG-A gene was performed as described [15,27].
Cells were first stained with an anti-CD59 antibody, and the upper 50t percentile of the
distribution curve was collected by sorting with a Dako-Cytomation Moflow instrument, to
deplete pre-existing mutants. The collected GPI (+) cells were counted by trypan blue exclusion
and then expanded in culture. To determine the mutant frequency after expansion in vitro, cells
were first stained with a mixture of antibodies specific for multiple GPI-linked proteins (e.g.
CD48, CD52, CD55, CD59, from Serotec), followed by rabbit anti-mouse immunoglobulin
conjugated to-PE (DAKO-Cytomation), and then a FITC-conjugated antibody specific for a
relevant transmembrane protein: HLA-DR (BD Pharmingen) for B cell neoplasms, CD45
(Serotec) for Jurkat, and HLA-class | (W6/32, Serotec) for plasma cell neoplasms. Antibodies
were added to pelleted cells, which were resuspended, repelleted, and again resuspended, to
ensure that all cells came in contact with the antibody. Cells were washed twice with cold
media between incubations. Staining incubations were performed at a cell density of 100
million/ml, on ice, for at least 30 minutes. Propidium iodide was added at a final concentration
of 0.1t0 0.15 pg/ml. Flow cytometric analysis was performed on a Becton Dickinson FACScan
instrument, using Cellquest and FlowJo software. Live cells were identified by FSC/SSC,
exclusion of propidium iodide, and expression of transmembrane proteins. By this approach
GPI (+) cells register in the upper right quadrant and GPI (-) cells in the lower right quadrant.
The mutant frequency, f, was calculated by taking the number of events in the lower right
quadrant divided by total number of events analyzed. d, representing population doublings,
was calculated by live cell counts before and after expansion [where d = LOG, (number of
cells after expansion + number of cells before expansion)]. The mutation rate was calculated
by the formula p = f + d.

2.3 FLAER reagent for detection of the loss of the GPIl anchor

FLAER-Alexa 488 (Protox Biotech, Victoria, BC, Canada) binds to the GPI structure directly,
conferring fluorescence to wild type cells but not to PIG-A mutant cells [28], with an emission
spectra almost identical to FITC. In some experiments cells were stained first with the FLAER
reagent at 37°C for 30 minutes at a concentration of 10-’M and a cell density of 100 million/
ml. Cells were then stained on ice with a mixture of antibodies specific for multiple GPI-linked
proteins (e.g. CD48, CD52, CD55, CD59), washed twice, followed by staining with PE-
conjugated rabbit anti-mouse antibody.

2.4 Cloning Efficiency in Bulk Culture

To determine whether significant adjustments would have to be made to the estimate of d
described above, we determined the cloning efficiency (CE) of the cell lines in bulk culture
[15]. Briefly, 2 x 106 cells from liquid culture were seeded at a density of 10%/ml and counted
daily by trypan blue exclusion, with media added daily to keep the cells at this density. The
cell counts were plotted on a log scale as a function of time in culture, and a regression line
was estimated for the data points. CE was estimated as the y-intercept of this regression curve
divided by the original number of cells seeded.
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2.5 Cytogenetic Analysis

Chromosome preparations were made from cells harvested from the various cell line
suspension cultures, with G-banding and metaphase analysis performed following standard
procedures. FISH analysis was performed from the fixed cells prepared for chromosome
studies using DNA probes specific for chromosomes X and Y (CEP X SpectrumGreen/ CEP
Y SpectrumOrange DNA Probe Kit, Abbott Molecular, Des Plaines, IL) according to the
manufacturer's protocols. Fifty interphase cells were scored for each cell line.

3.0 Results
3.1 Characteristics of control GPI (+) and GPI (-) cells and the purity of sorting

3.2 Mutation

Flow cytometry readily distinguished distinct populations of GPI (+) cells (upper right
quadrant) and GPI (-) cells (lower right quadrant) within a single BLCL from a patient with
PNH (figure 1A). As expected, the GPI (-) cells from this patient did not bind to the FLAER
reagent (data not shown). Artificial mixtures of control GPI (+) cells mixed with ~1% GPI (-)
cells from this patient were then stained with FITC-conjugated anti-CD59 antibody, and the
upper 50 percentile of the distribution curve with respect to CD59 expression was collected.
Post sort analysis demonstrated that the instrument was typically effective at eliminating >
98% of the GPI (-) population.

rate in cell lines from lymphoid malignancies

Cell line PR1-C was separated by sorting, yielding 7.3 x 10° GPI (+) cells, which were
expanded in vitro over 21 days, undergoing 6.45 cell divisions. Re-analysis using antibodies
specific for 3 GPI-linked antigens demonstrated a spontaneously arising population of GPI (-)
cells in the lower right quadrant (figure 1B). The mutant frequency was calculated to be 1673
x 106, and p was calculated to be 2593 x 10-7 mutations per cell division (table 1). This value
is two orders of magnitude above previous estimates for p for PIG-A in BLCLs from normal
donors [15,27] and similarly above the estimated in vivo mutation rate for the HPRT gene in
the general population [2]. In contrast, analysis of a BLCL from a healthy donor demonstrated
much fewer spontaneously arising mutants (figure 1C), with a mutation rate of 17 x 1077 (table
1), which is within our previous estimates. The cloning efficiency of the malignant cell lines
was high (table 1 and table 2) and was comparable to our previous estimates for B-
lymphoblastoid cell lines [15], suggesting that major differences in the kinetics of cell turnover
would not account for the elevation in p that we observed.

PIG-A mutant cells demonstrate loss of GPI-linked membrane proteins and they also do not
have any detectable GPI on their surface. To demonstrate that spontaneously arising CD59(-)
CD48(-) CD55(-) cells did not produce any detectable GPI, we analyzed PR1-C cells by two
methods in parallel: using FITC conjugated antibodies specific for transmembrane proteins as
shown in figure 1, or pre-incubation with FLAER-Alexa-488 and omitting final the FITC-
conjugated antibody step. With the FLAER reagent, GPI (+) cells were expected to appear in
the upper right quadrant as in figure 1, but here GPI (-) cells were expected to appear in the
lower left quadrant, because GPI is required for the cell to bind to FLAER. We confirmed that
this was a case for a subclone of PR-1C (figure 2A), in an experiment where the mutation rate
was shown to be 3286 x 1077 (table 1). Similarly, for Jurkat and HBL2-A (figure 2B and 2C)
we observed spontaneously arising GPI (-) populations that did not express any of the
representative GPI-linked proteins on the surface, and which did not bind to the FLAER
reagent. In these experiments the calculated 1 values were 170 x 1077 for Jurkat and 874 x
107 for HBL-2A. Of note, the calculated values for f and p were similar using the two
approaches.
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Although we always obtained a high degree of purity when sorting artificial mixtures of GPI
(+) and GPI (-) cells, we wanted to confirm that these very high p values in malignant cell lines
were not somehow related to residual GPI (-) cells that had escaped sorting. We therefore
stained HBL2-A cells with PE-conjugated anti-CD59 antibody, collected the upper 50t
percentile of the population, and then stained a portion of the collected cells immediately after
sorting using mouse anti-CD48, CD55, and CD59 antibodies, rabbit anti-mouse PE secondary
antibody, and HLA-DR-FITC as described above. The sorted population was compared with
an aliquot of cells that was stained with the same antibodies but which was not sorted. The
unsorted aliquot demonstrated a mutant frequency of 3316 x 1076, The sorted aliquot
demonstrated a frequency of residual GPI (-) cells of 54 x 106, representing a 98.4% depletion
of the pre-existing mutants. 106 cells from the sorted GPI (+) fraction were then returned to
culture and expanded over 20 days, undergoing 8.09 cell divisions. f was then determined to
be 983 x 1076 and . was calculated to be 1215 x 10-7. We then corrected for residual GPI-
negative cells that had escaped sorting by subtracting 54 x 107, the post-sorting f value on day
zero, from 983 x 107, the f value measured after 20 days in culture. This yielded an estimated
1 value of 1148 x 1077, which differs from the uncorrected value by < 6%. We therefore
concluded that the purity of the sorting is sufficient for an accurate estimate of p, even for cell
cultures that have a very high mutation rate.

rate in clones

We next compared mutation rate analyses in clones of HBL2 and Jurkat and subclones of PR1-
C. Among the four subclones of PR1-C, the mutation rate ranged from 1022 x 1077 to 3286 x
1077 (table 1). In a parallel analysis of 3 clones of HBL2, the mutation rate ranged from 529 x
1077 to 776 x 1077 (table 1). Analyses of parental cultures of Jurkat yielded estimates of p of
170 x 107 and 148 x 1077 in 2 separate experiments. Among 5 clones of Jurkat, the mutation
rate ranged from 155 x 1077 to 1918 x 107", From this data we concluded that hypermutability
in these malignant cell lines is a consistent phenotype, but that bulk cultures might harbor sub-
populations that differ substantially with respect to this parameter.

rate in cell lines derived from plasma cell neoplasms

Although these three malignant cell lines demonstrated a consistent elevation in p, we found
that a marginal zone lymphoma cell line, SSK41, demonstrated a mutation rate in the normal
range (table 1). However, this was not unexpected, because marginal zone lymphoma
represents an indolent neoplasm. To investigate whether aggressive malignancies might
demonstrate a normal mutation rate, we analyzed plasma cell neoplasms, because it is believed
that it is only the most advanced forms of this malignancy that can give rise to cell lines. Among
7 such cell lines, there was a wide range in the mutation rate, from 2.2 to 147 x 1077 (figure 3,
table 2). In two of these plasma cell neoplasm lines, there was a substantial population of
spontaneously arising GPI (-) cells, and p was elevated. We confirmed that this population did
not have GPI anchors on the surface by staining with FLAER-Alexa 488, as in figure 2 (data
not shown). In the other 5 plasma cell neoplasm lines, p was similar to results that we have
reported for BLCLs [15,27]. Overall, among cell lines derived from 11 different malignancies
in this study, p varied over 3 orders of magnitude and was elevated above the range for non-
neoplastic human cells in almost half of the cases.

3.5 Cytogenetic Analysis

We wanted to rule out the possibility that loss of GPI-anchored proteins on the surface might
in some cases be due to loss of an entire X chromosome, particularly in cell lines that exhibited
chromosomal instability. We first analyzed PR1-C and HBL2-A by standard karyotyping. For
PR1-C, G-banding confirmed the t(14,18) translocation and additional complex abnormalities.
For HBL2-A, G-banding confirmed the t(11;14) translocation and additional complex
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abnormalities. For these cell lines as well as Jurkat, we then collected GPI-negative cells by
gating on cells that had lost CD59 expression. After expansion in bulk culture without cloning,
we treated these sorted cells with proaerolysin and verified that at least 95% of the viable cells
were GPI-negative. These GPI-negative cells were then prepared for metaphase and FISH
analysis using probes specific for the X and Y centromeres. For the GPI-negative Jurkat culture,
the X and Y chromosomes were examined on 100 G-banded metaphases, 2 of which
demonstrated an XY karyotype, and 98 of which demonstrated an X, -Y karyotype. [An
abnormality of 18p was also identified, and the X chromosome appeared to be normal by G-
banding.] Interphase FISH demonstrated 12% XY, and 88% X,-Y (figure 4). A separately
derived GPI-negative clone of Jurkat demonstrated 40% X,-Y, 38% XY, and 20% XXY by
FISH. For the GPI-negative HBL2-A culture, 20 G-banded metaphases demonstrated the t
(11;14) translocation, the presence of an X chromosome, loss of the Y, and complex additional
abnormalities. Interphase FISH demonstrated 100% X,-Y (figure 4). For the GPI-negative
PR1-C cultures, adequate metaphases were not obtained, but interphase FISH demonstrated
82% XY, 12% X,-Y, and 4% XXYY (figure 4). Overall, from this data we concluded that
nullizygosity for the X chromosome is probably not likely to be a common cause of the
spontaneous appearance of the GPI-negative phenotype in these cell lines.

4.0 Discussion

This study supports the model that an elevation of the mutation rate is a common feature of
lymphoid and plasma cell malignancies. We believe that a p value of almost 3300 x 1077 is the
highest mutation rate ever reported in a sentinel gene in human cells, apart perhaps from the
special cases of VDJ recombination and microsatellite instability [13,29]. We can not rule out
the possibility that mutations in the other genes involved in GPI-anchor biosynthesis could
result in the GPI (-) phenotype. For example, it is possible that in some cell lines with an
elevated p, a somatic mutation has, at first, inactivated one copy of the more than 20 autosomal
genes involved in the synthesis or trafficking pathway [30] for GPI. If this were to be the case,
then some of the cells with spontaneous GPI-anchor loss could actually reflect a second loss
of heterozygosity event rather than a mutation in PIG-A. We believe, though, that genomic
instability is the most likely explanation for why this mutation would occur in the first place.

We also can not completely exclude the possibility that the GP1-negative phenotype could arise
due to large deletions involving PI1G-A or perhaps even loss of the entire X chromosome.
However, our cytogenetic analysis has not revealed this in selected GPI-negative subcultures
for 3 cell lines, 2 of which demonstrate gross instability of the autosomes. Indeed, nullizygosity
for the X chromosome is not generally seen in malignancies, probably because it is not
compatible with viability. We suspect that any mitoses that result in nullizygosity for the X
chromosome would yield cells that would be excluded from the live cell gate before their GPI-
anchors would be lost from the surface.

This analysis of mutation rate in a culture will represent a population mean, and indeed, we
have provided some evidence that there may be differences between subclones derived from
the same culture. If cells with the highest mutation rate are at a disadvantage in bulk culture,
then we might expect that further analysis of subclones will elucidate the maximal spontaneous
mutation rate that is compatible with survival of human cells. It should be noted that the mutant
frequency that we measure may be influenced by the point during the cell cycle in which the
mutation occurs; DNA damage occurring before the PIG-A gene is replicated may result in 0,
1 or 2 daughter cells with the mutation, depending on how the lesion is repaired. However,
mutations that occur after replication can result in only one mutant daughter cell during that
division cycle. Any differences in timing of spontaneous mutations between cell lines could
then influence the calculated u values by up to two-fold, which is considerably less than the
magnitude of the differences reported here.
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This study also suggests that at an elevation of the mutation rate—as detected by this assay--
is a not a universal feature of hematologic malignancies. It remains a possibility that genomic
instability is still essential for the development of malignancy but may be transient in some
cases, perhaps due to mutagen exposure. While PIG-A can be inactivated by most types of
mutations [15,19,23,31-33] as well as, hypothetically, by epigenetic silencing [34], some forms
of hypermutability would escape detection by this assay. Examples include whole gene
translocations, inversions, and duplications, and it is possible that some malignancies could
exhibit only these forms of genomic instability. Alternatively, n might be small for some
cancers, as may be the case for acute lymphocytic leukemias with MLL rearrangements [35].

The rate of mutation in PIG-A would likely correlate with the types of mutation that alter
cellular targets of chemotherapy and result in drug resistance. Indeed, PIG-A mutations
themselves would probably confer resistance to Campath—a therapeutic anti-CD52 antibody
[32]. Conversely, malignancies with a spontaneous mutation rate that is sufficiently high as to
compromise viability might be more susceptible to the mutagenic effects of some
chemotherapy agents. We predict that with this approach, it may be possible to investigate the
relationship between hypermutability and clinical outcome using primary leukemia and
lymphoma cells from patients.
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FIGURE 1. GPI (-) populations arise spontaneously in vitro in malignant cell lines

Flow cytometry pseudo-density dot plots. (A) PIG-A (+) cells and PIG-A (-) cells within a
single BLCL from a patient with PNH. The PIG-A (-) population does not express GPI-linked
proteins but does express the transmembrane protein HLA-DR. (B) PR1-C, a transformed
follicular lymphoma cell line, analyzed after expansion after sorting to eliminate pre-existing
mutants. The normal population expresses GPI-linked proteins and transmembrane proteins,
registering in the upper right quadrant. There is a large population of spontaneously arising
mutants registering in the lower right quadrant that appear similar to the PI1G-A (-) cells from
the patient with PNH. The mutant frequency, f, is calculated as the number of events in the
lower right quadrant divided by the total number events analyzed (see table). (C) A BLCL
from a normal donor, demonstrating a much smaller number of spontaneously arising GPI (-)
cells.
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FIGURE 2. Parallel analysis of cultures of malignant cell lines using antibodies specific for
transmembrane proteins or the FLAER reagent

Samples were analyzed after expansion in vitro after sorting to eliminate preexisting mutants.
Pseudo-density dot plots are shown for analyses using FITC-conjugated antibodies specific
for transmembrane proteins (left panels) or the FLAER Alexa-488 reagent, which binds to the
GPI structure directly (right panels). In all 3 examples, there are distinct populations of
spontaneously arising cells that neither express GPI-linked proteins nor take up the FLAER
reagent, but which do express transmembrane proteins. (A) A subclone of PR1-C (transformed
lymphoma); (B) Jurkat, a T cell ALL cell line; (C) HBL2-A, derived from a Mantle Cell
Lymphoma.
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Figure 3. Representative cell lines derived from plasma cell neoplasms

MHC Class I-FITC

Cells were analyzed after expansion in vitro after sorting to eliminate pre-existing mutants.
KMS-11 demonstrates a low number of spontaneously arising GPI (-) cells and a low mutation
rate. Within NCI-H929, there is a larger population of spontaneously arising GPI (-) cells, and
w is close to the upper limit of the values we have previously reported for BLCLs from normal
individuals [15,27]. In contrast, ARH-77 demonstrates a higher frequency of spontaneously
arising GPI (-) cells and a higher p value.
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Figure 4. FISH analysis for the X and Y chromosomes

Analyses were performed on spontaneously arising GPI-negative sub-populations of Jurkat,
HBL2, and PR1-C, isolated by sorting and proaerolysin selection. X and Y chromosome
centromeric probes generate green and orange fluorescence respectively. Representative
interphase and metaphase cells are shown. Spontaneous loss of the Y chromosome was
observed, but not the spontaneous loss of the X chromosome in any of the cells analysed by
FISH or G-banded karyotyping.
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