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Establishment of a Chemical Synthetic Lethality
Screen in Cultured Human Cells
Arnold Simons,1 Naomi Dafni,1 Iris Dotan,1 Yoram Oron,2 and Dan Canaani1,3

1Department of Biochemistry, The George S. Wise Faculty of Life Sciences, and 2Department of Physiology
and Pharmacology, Sackler Faculty of Medicine, Tel Aviv University, Ramat Aviv 69978, Israel

The synthetic lethality screen is a powerful genetic method for unraveling functional interactions between
proteins in yeast. Here we demonstrate the feasibility of a chemical synthetic lethality screen in cultured human
cells, based in part on the concept of the yeast method. The technology employs both an immortalized human
cell line, deficient in a gene of interest, which is complemented by an episomal survival plasmid expressing the
gene of interest, and the use of a novel double-label fluorescence system. Selective pressure imposed by any one
of several synthetic lethal metabolic inhibitors prevented the spontaneous loss of the episomal survival plasmid.
Retention or loss over time of this plasmid could be sensitively detected in a blind test, while cells were grown
in microtiter plates. Application of this method should thus permit high throughput screening of drugs, which
are synthetically lethal with any mutant human gene of interest, whose normal counterpart can be expressed.
This usage is particularly attractive for the search of drugs, which kill malignant cells in a gene-specific manner,
based on their predetermined cellular genotype. Moreover, by replacing the chemicals used in this example with
a library of either DNA oligonucleotides or expressible dominant negative genetic elements, one should be able
to identify synthetic lethal human genes.

With continued progress in the Human Genome
Project and the sequencing of the majority of the hu-
man cDNAs, use of functional genomic techniques for
the elucidation of gene function has become a major
priority (Lander 1996; Fields 1997). Previously, we
have initiated the use of expressible human cDNA li-
braries for complementation (Teitz et al. 1987, 1989) or
suppression (Teitz et al. 1990) of DNA damage-repair
deficiency in inborn mutant human cells. In an effort
to expand the arsenal of genetic tools that can be ap-
plied to human biological systems, we sought to intro-
duce the concept of the yeast synthetic lethality screen
(Bender and Pringle 1991) in human cells. The essence
of this screen in yeast is the ability to identify nonal-
lelic and nonessential mutations that are lethal in
combination with a nonessential mutation in a gene of
interest (i.e., synthetic lethality). A wild-type copy of
the gene of interest, on an episomal plasmid, is intro-
duced into cells that are null for expression of this
gene. Random mutagenesis of the entire yeast genome
within these cells may inactivate a gene that is syn-
thetically lethal with the gene of interest. Under these
conditions, retention of the episomal plasmid, which
is otherwise spontaneously lost, and expression of the
gene of interest becomes essential for survival (i.e., sur-
vival plasmid). Plasmid loss or retention is detected by
changes in colony pigmentation. This genetic method
is very powerful as it can reveal not only interactions

between gene products with direct physical contacts
but also interactions along the same or parallel path-
ways.

Inactivation of a specific gene product by a drug is
in practical terms equivalent to its ablation by muta-
genesis. We therefore sought to establish the principles
of the method in human cells. This could be attained
by the generation of synthetic lethal conditions via the
use of drugs that inhibit particular enzymatic activity
in lieu of genetic manipulation. Such a drug would
then cause retention of an episomal survival plasmid
encoding a gene activity that becomes essential for cell
survival. An approach of this kind would allow screen-
ing of drugs that are synthetically lethal with a particu-
lar mutant gene, implying an ability to kill cells that
carry such mutations.

To adapt this assay to human cells, we chose to use
the Epstein-Barr virus (EBV)–based episomal vectors,
which can replicate autonomously as a low copy num-
ber episome in human cells of diverse tissues (Yates et
al. 1985). Retention of these vectors in human cells
requires the continued selection for a dominant select-
able marker gene built into the vector (Reisman et al.
1985; Calos 1996; N. Dafni and D. Canaani, unpubl.);
otherwise, they are spontaneously lost over time. This
spontaneous gradual plasmid loss can be taken advan-
tage of by creating synthetic lethal conditions under
which retention of an episomal plasmid expressing the
gene of interest becomes indispensable for viability.

As a model system for the establishment of the
method, the biosynthetic pathway leading to the pro-
duction of guanosine monophosphate (GMP) was cho-
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sen (Fig. 1). This pathway is particularly amenable for a
synthetic lethality screen as it involves multiple alter-
native paths to GMP biosynthesis. Under normal cir-
cumstances, GMP is synthesized through the de novo
pathway, while the salvage pathways convert hypo-
xanthine and guanine to inosine monophosphate
(IMP) and GMP, respectively, making hypoxanthine–
guanine phosphoribosyl transferase (HPRT1) nones-
sential for cell survival. Thus, retention of an episome
encoding HPRT1 cDNA, in an HPRT1-deficient human
cell line, should become necessary for survival when
the de novo biosynthetic pathway is blocked. To be
able to follow loss or retention of an HPRT1 survival
plasmid, we have used a novel double-label GFP fluo-
rescent system. Several drugs, such as mycophenolic
acid (MPA), which inhibits IMP dehydrogenase
(IMPDH) enzyme activity within this metabolic path-
way (Fig. 1), were used to create synthetic lethal con-
ditions with concomitant retention of the survival
plasmid (i.e., chemical synthetic lethality). Growth of
cells in microtiter plates and use of a microplate fluo-
rescence reader was utilized to follow fluorescence over
time. This novel system should, in principle, allow
high-throughput screening of reagents that are syn-
thetically lethal with any mutant human gene of in-
terest whose wild-type counterpart is expressible.

RESULTS

Design of the Human Synthetic Lethality System
To establish synthetic lethality as a high-throughput
screening system based on fluorescent readout, it is
essential to have a fluorescent marker that is expressed
from the episomal survival plasmid. The strength of
the fluorescent signal would then be correlated to the

number of episomes present in the cell. However, this
signal needs to be normalized relative to cell number.
Ideally, the unstable presence of the episome and its
marker could be measured against a second marker
that is stably expressed in all cells. We chose the sap-
phire and topaz variants of the green fluorescent pro-
tein (sphGFP and tpzGFP, respectively) that can be
used to double-label cells. The system would then be
set up by stable integration of a sphGFP encoding vec-
tor; introduction of an episomal vector encoding both
HPRT1 and the tpzGFP; and, following retention or
loss of this episomal survival plasmid, under different
experimental conditions, by measuring the ratio be-
tween the fluorescent intensity of the two distinct
GFPs over time.

Figure 2A,B shows the respective plasmids that
were prepared. As a recipient cell line, the HPRT1-
deficient variant of the HT1080 fibrosarcoma cell line
was chosen (Benedict et al. 1984). We generated cell
clones that showed stable sphGFP expression. The
HPRT1 survival plasmid was then introduced and a cell
clone was chosen that stably expressed both the
tpzGFP and the HPRT1 protein, as ascertained by resis-
tance to HAT medium (Littlefield 1964). The fluores-
cence resulting from these two GFP variants, one stably
integrated into the genome (sphGFP) and one epi-
somal (tpzGFP), could be distinguished by use of two
different microscope filter blocks (Fig. 2D,G vs. 2E,H).

These cells were then plated into 96-well micro-
plates and scanned by a fluorescent microplate reader.
Two separate filter sets could distinguish between the
sphGFP and tpzGFP fluorescence. As expected, in the
linear range of sphGFP reading a close correlation was
seen between the number of cells and the fluorescent
intensity (data not shown).

Fluorescent Measurement of Spontaneous Survival
Plasmid Loss
We next examined whether spontaneous loss of the
survival plasmid could be detected by fluorescence
measurements. Since a high-throughput method ne-
cessitates use of microtiter plates, it was imperative to
show that the expected plasmid loss occurs and could
be detected in these growth conditions. However, the
dynamics of cell division, and therefore the rate of the
survival plasmid loss, could be very different in cells
grown for long periods in microplates as opposed to
cells stimulated to divide by a regimen of periodic tryp-
sinization, dilution, and reseeding. Accordingly, we
carried out measurement of fluorescence after removal
of drug selection in cells continuously passaged in 90-
mm plates as well as in cells grown for long periods in
microtiter plates.

Results from one cell line, Clone 12, carrying an
integrated sphGFP gene and an episome encoded
tpzGFP are shown in Figure 3. Following removal of

Figure 1 De novo and salvage pathways of purine biosynthesis.
Key enzymes are underlined. Arrows indicate the action of en-
zymes. The sites of inhibition by mycophenolic acid (MPA), riba-
virin (RI), mizoribine (MI), and aminopterin (AM) are marked.
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hygromycin B from the medium, the tpzGFP and
sphGFP fluorescence ratios were monitored over time.
The calculated ratio was normalized to readings taken
at the same time points from cells kept continuously
under hygromycin B selection. Fluorescence from the
survival plasmid marked with tpzGFP decayed such
that after ∼1 mo, Clone 12 lost 80%–90% of its initial
fluorescence. Importantly, no significant difference in
the rate of fluorescence decay could be detected be-
tween the cells maintained in microplate wells as op-
posed to those maintained by continuous passaging in
petri dishes (Fig. 3).

To test whether the gradual loss of tpzGFP fluores-
cence over time indeed reflects the loss of survival plas-
mid, two assays were conducted. In one, low molecular
weight DNA present in Hirt supernatants (Hirt 1967) of
Clone 12 cells was collected at various times after re-
moval from hygromycin B selection. This DNA was
used for bacterial transformation. We found that the
decrease of ampicillin-resistant colonies correlated well

with the loss of tpzGFP fluorescence over
time (Table 1). In the second assay, a plas-
mid segregation assay (Reisman et al. 1985)
was carried out. At each time point after
drug removal, cells were reseeded into petri
dishes containing hygromycin B. Our re-
sults show that the number of colonies able
to grow in the presence of hygromycin B
did indeed decrease at later time points
(data not shown).

Detection of Chemical-Induced
Synthetic Lethality
These results demonstrate that in the ab-
sence of selection, the HPRT1-tpzGFP sur-
vival plasmid is unstable in HPRT1-
deficient HT1080 cells. Loss or retention of
the plasmid can be determined by measur-
ing the fluorescence intensity ratio in a mi-
croplate reader. We next tested whether
these features would enable us to trace a
synthetic lethal condition. The biosynthe-
sis of GMP from IMP via XMP (xanthosine
monophosphate) can be efficiently blocked
using MPA, which inhibits IMPDH (Fig. 1).
Under these conditions, normal HPRT1-
positive cells survive by using guanine
supplied in the medium to produce GMP
via the salvage pathway, while HPRT1-
deficient cells die. Clone 12, as an inher-
ently HPRT1-deficient cell line, must retain
the HPRT1-tpzGFP survival plasmid to stay
alive in this synthetic lethal situation.
Clone 12 cells grown in medium supple-
mented with guanine spontaneously lost
the survival plasmid (Fig. 4A). In contrast,

addition of MPA at successively higher concentrations
to medium supplemented with guanine caused in-
creasing retention of the survival plasmid, which could
be detected by an increase in the tpzGFP to sphGFP
fluorescence ratio (Fig. 4A). We observed a dose re-
sponse which reached a plateau at fluorescence ratio
levels similar to those obtained when hygromycin B
selection was imposed (Fig. 4B). Moreover, as shown in
Figure 4B, when fluorescence was observed over time,
MPA could cause retention of the survival plasmid for
the entire time period, while cells without MPA con-
tinued to lose tpzGFP fluorescence.

IMPDH has two isoforms and is considered to be
the rate-limiting enzyme in guanine nucleotide bio-
synthesis (Haste et al. 1999). Two basic types of drugs
can effectively inhibit the enzyme: nucleoside analogs
and nonnucleoside inhibitors. MPA is of the second
class and binds the NAD site within the enzyme.
Nucleoside analog inhibitors bind to the IMP substrate
site (Haste et al. 1999). Accordingly, we asked whether

Figure 2 Structure and expression of the double-labeled GFP plasmid system.
(A) The pIS integrating sphGFP vector. (B) The HPRT1-tpzGFP survival plasmid.
P-CMV, P-TK, and P-RSV indicate the promoters of herpes TK1, CMV, and RSV,
respectively. IVS represents the rabbit globin second intron. PA stands for poly-
adenylation signal. Solid arrows indicate open reading frames translated in the
transduced human cells. (C–E) HIS4 cells expressing the pIS construct. (F–H) Clone
12 cells that express both the sphGFP from the pIS construct and tpzGFP from the
episomal survival plasmid. Panels C and F are photographs of the phase image.
Fluorescent images in panels D,E,F, and G were obtained using filter sets that
preferentially detect sphGFP (D,G) or tpzGFP (E,H). The Clone 12 cells were main-
tained in hygromycin B selection to retain the survival plasmid.
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we could detect synthetic lethality when nucleoside
analog inhibitors were applied to Clone 12 cells. We
chose for this assay two drugs, ribavirin and mizori-
bine, both in use against viral infections. We tested
both drugs on Clone 12 cells grown in 96-well micro-
titer plates in serial dilutions of the drugs as well as
serial dilutions of guanine. The observed matrices of
results are shown in Figure 5. Both drugs caused reten-
tion of the survival plasmid, in a way that was depen-
dent on the concentration of each drug as well as that
of guanine. These matrices allowed sensitive measure-
ment of the synthetic lethal effects imposed by these
nucleoside analogs.

Next, we tested if the synthetic lethality assay
could be used in a blind test to screen for these IMPDH
inhibitors. Clone 12 was seeded into 1200 wells in mi-
crotiter plates in medium lacking selection. MPA, riba-
virin, mizoribine, and hygromycin B were added at
random (together with guanine) to three wells. Alano-
sine, an inhibitor of adenylosuccinate synthase (an en-
zyme in the pathway converting IMP to AMP) was also
added as a negative control. As expected, the survival
plasmid was not retained in the presence of alanosine
(data not shown). However, the presence of all three
IMPDH inhibitors and hygromycin B was clearly de-
tected, as were two wells containing false-positive cells
(Fig. 6). The calculated false positive rate for this ex-
periment was 1/600 and was similar to previous con-
trol experiments (data not shown).

DISCUSSION
In this article, we demonstrate the feasibility of a
chemical synthetic lethality screen in cultured human

cells, using a sensitive fluorescent assay. Imposition of
synthetic lethality by the addition of the IMPDH in-
hibitors MPA, ribavirin, and mizoribine prevented the
spontaneous loss of the survival plasmid. The reten-
tion or loss of the plasmid was sensitively measured
over time, using a microplate fluorescence reader while
cells were grown in microtiter plates. The surprising
sensitivity of this assay was such that small changes in
the amount of chemical inhibitor or metabolites in the
medium were easily detected.

We have performed this cell-based screen in sev-
eral subclones of the parental variant HT1080 cell line,
as well as in the HPRT-deficient LNSV human cell line
(data not shown). This demonstrates the generality of
this assay in cultured human cells and that the results
are not specific to Clone 12.

The ability to elucidate the interaction between
specific chemical reagents and a single gene, when
linked to high-throughput scanning methodology,
should be very useful in the search for drugs that syn-
ergize with particular gene deficiencies to cause cell
lethality. In particular, as the assay is based on identi-
fication of a lethal phenotype, one could scan a library
of small organic chemical compounds (Mitchison
1994) or antisense phosphorothioate oligonucleotides
(Agrawal and Zhao 1998) for reagents that kill either a
benign or cancerous cell in a defined genetic milieu,
where the reagent is synthetic lethal with a defined
mutant gene. This possibility was demonstrated, albeit
on a relatively small scale, in the experiment described
in Figure 6. Notably, this system could also expedite
the search for better IMPDH inhibitors, a goal that re-

Table 1. Monitoring of Spontaneous Survival Plasmid
Loss by Hirt Supernatant Mediated
Bacterial Transformation

Days without
selection

Bacterial transformant
per 106 Clone 12 cells

Plasmid loss (k)
per day (%)*

0 628
21 38 13.4
28 23 13.2
35 16 9.7

Clone 12 cells were plated at the beginning of the experiment
in DMEM without hygromycin B. Cells were continuously pas-
saged throughout the entire experiment. Low-molecular
weight DNA present in Hirt supernatants was collected (Hirt
1967) at the indicated time points. All Hirt supernatants were
normalized by addition of 1 ng of a chloramphenicol-resistant
plasmid prior to the beginning of cell extraction. Each Hirt
supernatant transformation of bacteria was plated both on
chloramphenicol and ampicillin plates. Values in the table
were normalized to the number of colonies counted on the
chloramphenicol plates.
*Calculated according to 2.303 log (N0/N) = kT, where
N0 = % AmpR colonies at time zero (100%), N = % AmpR

colonies remaining after propagation for T days without hy-
gromycin B selection and k = % loss of plasmid per day.

Figure 3 Spontaneous loss of tpzGFP-marked survival plasmid
in Clone 12 cells. Cells were maintained in 96-well plates over the
entire time period of the experiment (rectangles) or grown by
continuous passaging in 90-mm petri dishes (triangles). Passaged
cells were trypsinized and seeded into microplates on the day of
reading. Plates were read using a microplate fluorescence reader.
Data points show the mean relative fluorescence ratio between
tpzGFP and sphGFP, expressed as a percentage of the same ratio
measured from cells maintained under hygromycin B selection.
All data represent the mean of fluorescence reading from at least
three wells.
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mains relevant for the finding of new immunosuppres-
sive, antiviral, and antitumor agents (Franklin et al.
1999). The chemical synthetic lethality assay in its cur-
rent form requires a relatively extended period of time
for appreciable loss of the survival plasmid. Monitoring
of cell response to a drug over time is in marked con-
trast to short-term assays such as those performed in
the extensive NCI compound screens (Weinstein et al.
1997). This may actually prove to be beneficial as
short-term assays overlook slow death phenomena
that are nonapoptotic for the most part.

Following discovery of chemicals that are syntheti-
cally lethal with the gene of interest, the task of iden-
tification of the drug target may be achieved by several
approaches. One method that is particularly relevant
to the chemical synthetic lethality screen would be to
introduce a human CDNA library, on an episomal vec-
tor, into the parental cell line that has been used in the
assay. One may assume that in the absence of the sur-
vival plasmid, any drug selected in the screen is lethal

to the parental cell line, which is deficient in the gene
of interest. Excess expression of the protein that is af-
fected by the drug would allow the respectively trans-
fected cell to survive in the presence of the drug, while
other cells would die. The episomal vector encoding
the putative drug target would then be rescued from
the colonies able to grow in the presence of the mini-
mal lethal dose of the drug. Another emerging avenue
of drug target identification is inspection of whole-
genome changes in RNA expression that result from
growth in the presence of the drug, using DNA micro-
arrays (Marton et al. 1998; Debouck and Metcalf 2000).
This should be eventually aided by comparison to a
predetermined reference database or compendium of
whole-genome expression profiles of known muta-

Figure 5 Chemical synthetic lethality induced by nucleoside
analog inhibitors of IMPDH. Clone 12 cells were grown in micro-
plates in the presence of mizoribine (A) or ribavirin (B) for a period
of 3 wk before measurement of fluorescent ratio. Values for the
fluorescent ratios are shown on the left. Rows A–H, in each ma-
trix, represent the inhibitory drug data. Guanine was at 400 µM
in column 1, and serial dilutions were in the indicated direction.
In (A), mizoribine was at 400 µg/mL in row A and serial dilutions
were in the indicated direction. In (B), ribavirin was at 200 µg/mL
in row A and serial dilutions were in the indicated direction.

Figure 4 Synthetic lethality imposed by MPA causes retention
of the survival plasmid. (A) Cells were maintained in 96-well mi-
croplates and hygromycin B was removed and replaced with me-
dium containing 35 µM guanine and MPA in serial dilutions start-
ing with 25 µg/mL. Microplates were read after 2 wk. (B) Cells in
96-well microplates were maintained over the entire time period
in either medium with 35 µM guanine and 12.5 µg/mL MPA
(rectangles) or in guanine-supplemented medium alone (tri-
angles). Plate reading and data representation are as in Fig. 3.
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tions and drugs with known molecular targets (Hughes
et al. 2000). Also, one may be able to examine direct
drug binding to polypeptide targets in protein micro-
arrays (MacBeath and Schreiber 2000) or drug-
mediated ablation of protein–protein interactions in a
two-hybrid system (Vidal and Endoh 1999).

The current method has a potential genetic syn-
thetic lethality aspect, in that antisense oligonucleo-
tides can be applied to cells much as chemical reagents
are. Further extension of this potential could also be
achieved through expression of libraries of antisense
RNA (Deiss and Kimchi 1991; Gudkov et al. 1993),
truncated cDNA (Gudkov et al. 1993), ribozymes
(Breaker and Joyce 1994), RNA aptamers (Thomas et al.
1997), or peptide aptamers (Colas et al. 1996; Geyer et
al. 1999). The sorting of the dominant genetic ele-
ment(s) within any of these libraries would require en-
richment steps, such as FACS, coupled with high-
throughput screening.

The synthetic lethality screen has been particu-
larly useful in yeast research, where gene knockouts
can be easily obtained by homologous recombination.
The availability of a large number of mutant human
cell lines derived from genetic disorders on the one
hand and continuing research into aberrant gene ex-
pression in different cell lines on the other should en-
rich the growing reservoir of potential recipient cells
and genes of interest. Also, new and better technolo-
gies are evolving that employ homologous recombina-
tion for gene disruption in somatic human cells (Chan
et al. 1999; Sedivy et al. 1999). Taking into account the
genetic differences between established cell lines and

tumors, cross-reference with the genetic
molecular characterization of a given can-
cer obtained via the Cancer Genome
Anatomy Project (Strausberg et al. 2000),
and other sources will be important.

Implementation of any of the domi-
nant-negative strategies mentioned above
should allow for the identification of a hu-
man gene(s) synthetically lethal with a hu-
man gene of interest. Such genetic syn-
thetic lethality screens should have a major
impact on human functional genomics, as
well as identification of target genes for
cancer therapy.

It is important to mention a comple-
mentary genetic approach, the Seattle
Project (Hartwell 1997), in which screening
for new cancer drugs or identification of
new cancer drug targets is initiated by stud-
ies performed in yeast. The rationale be-
hind this work is that several basic mecha-
nisms governing genomic stability, and
thus cancer susceptibility, have been con-
served from model organisms such as yeast,

nematodes, and fruit flies to humans. Accordingly,
some of the alterations found in human tumors can be
modeled in these simpler organisms that are more
amenable to genetic manipulation. Consequently,
yeast mutants are currently being screened for either
chemicals with a preferred therapeutic advantage or
second-site mutations that are lethal only in the mu-
tant yeast strain (Hartwell et al. 1997). The latter is
being performed by synthetic lethality screen in yeast
(Bender and Pringle 1991). Either one of these elegant
strategies requires in its second phase the uncertain
and complicated extrapolation back to human tumors,
as discussed (Hartwell et al. 1997). The proposed
chemical and genetic synthetic lethality screens in cul-
tured human cells are technically difficult to pursue in
comparison to the yeast system. Nevertheless, they
have the significant advantage of directly addressing
human tumor cell lines.

METHODS

Construction of Plasmids
pIS was constructed by replacing the BamHI fragment encod-
ing CD20 from pCMV-CD20 (kind gift from S. van den Heu-
vel and E. Harlow, M.G.H. Cancer Center) with a blunt-ended
HindIII-BamHI fragment containing the coding sequence of
sphGFP from the pGFPsph-b [R] vector (Packard Instruments).
The episomal HPRT1-tpzGFP survival plasmid was con-
structed by first cloning a HindIII-BamHI blunt-ended frag-
ment encoding the tpzGFP and polyadenylation signal from
the pGFPtpz-b [R] vector (Packard Instruments) into the
HindIII site of pCEP4 (Invitrogen). The coding sequence of
HPRT1 was cloned into pcDNA3 (Invitrogen) and subse-

Figure 6 Detection of chemical synthetic lethality in a blind large-scale test.
Clone 12 cells were seeded into 1200 wells in 96-well microplates. Five chemicals
were randomly added to three wells each; hygromycin B (H) at 200 µg/mL, MPA
(MP) at 25 µg/mL, ribavirin (RI) at 50 µg/mL, mizoribine (MI) at 200 µg/mL, and
alanosine at 10 µg/mL. MPA was added in the presence of 200 µM guanine,
ribavirin, and mizoribine in 12.5 µM guanine, while alanosine was added together
with 60 µM adenine. Plates were read after 28 d, and fluorescent ratios are dis-
played as in Fig. 5. False-positive wells (F) are also labeled.

Chemical Synthetic Lethality Screen in Human Cells

Genome Research 271
www.genome.org

 Cold Spring Harbor Laboratory Press on June 16, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


quently removed together with the CMV promoter by diges-
tion with BglII and BamHI. This fragment was then cloned
into the BamHI site of the pCEP4-GFP vector. The final sur-
vival plasmid was produced by cloning the PvuII-XbaI frag-
ment of the pCEP4-HPRT1-tpzGFP vector into the PvuII-XbaI
site of pREP4 (Invitrogen), so that transcription of the tpzGFP
gene is initiated from the RSV promoter.

Expression of Constructs in Cells
HPRT1-deficient HT1080 fibrosarcoma cells (kind gift from A.
Ganesan, Stanford University; Benedict et al. 1984) were
maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal calf serum (FCS) and 4 mM
L-glutamine. Transfections were carried out using the calcium
phosphate precipitation technique as previously described
(Teitz et al. 1987). For pCMV-GFP, selection in G418 (Calbio-
chem) was carried out at 400 µg/mL, while maintenance was
at 50 µg/mL. For the HPRT1-tpzGFP survival plasmid, selec-
tion in hygromycin B (Sigma) was at 150 µg/mL, while main-
tenance was at 50 µg/mL. Selection and maintenance of the
survival plasmid was also carried out in HAT medium (100 µM
hypoxanthine, 0.4 µM aminopterin, 16 µM thymidine; Little-
field 1964). MPA was obtained from Eli Lily, while ribavirin
and mizoribine were obtained from Sigma.

Microscopic images were captured using an Olympus
BX40 microscope with a Sony CCD-Iris color video camera.
SphGFP was visualized using a filter block with an excitation
bandpass of 340–380 nm. TpzGFP was visualized using a filter
block with an excitation bandpass of 450–490 nm.

Fluorescent Scanning of Microtiter Plates
For fluorescent scanning, cells were trypsinized and distrib-
uted at 30,000 cells/well into 96-well microplates (TPP).
Growth medium was changed twice a week, and plates were
maintained for up to 75 d. Cells remained viable over the
entire time period. Plates were prepared for scanning by re-
placement of medium in wells with Hank’s balanced salt so-
lution without phenol red. This procedure greatly minimized
background fluorescence from the growth medium while
maintaining maximal viability. Plates were scanned with an
FL600 microplate fluorescence reader using the KC4 software
(Biotek Instruments). Excitation for sphGFP was at 380 nm
with a bandpass of 20 nm, while emission was measured at
508 nm with a bandpass of 40 nm. Excitation of tpzGFP was
at 485 nm with a bandpass of 20 nm, while emission was
measured at 535 nm with a bandpass of 40 nm. To avoid
possible artifacts, all wells within a given experiment were
assayed for the fluorescence of the two GFP mutants using
fixed sensitivities. Integrated sphGFP was used as an internal
control for the number of cells. This was achieved by dividing
the relative fluorescence resulting from the episomal tpzGFP
vector by the relative fluorescence for sphGFP for each well.
This ratio was then divided by the average fluorescence ratio
for cells maintained under hygromycin B or HAT selection,
resulting in a value representing percentage remaining fluo-
rescence for each well as compared with wells maintained
under continuous selection. The data points are an average for
all wells and the calculated standard deviation. Cells were
returned to growth medium immediately following scanning.

Assessment of Episomal Survival Plasmid Levels
To assay for �-lactamase gene expression, low–molecular
weight DNA was extracted according to Hirt 1967 and trans-

formed into DH10B bacteria by electroporation, followed by
selection for ampicillin resistance. Expression of the hygro-
mycin B resistance gene from the survival plasmid was moni-
tored by the plasmid segregation assay (Reisman et al. 1985).
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