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Introduction

Chemotherapy, based on cytotoxic drugs or hormone antagonists,
is widely used as either adjuvant or primary treatment at all stages of breast
cancer (1). The drug regimens that are most commonly used for breast
cancer include a combination of cyclophosphamide, methotrexate and 5-
fluorouracyl (CMF), or doxorubicin (presently the most powerful drug in this
group) which is most often used as a single agent in the second line of
treatment. In addition, taxol was shown by recent studies to produce significant
objective responses in breast cancer. Aside from these chemotherapeutic
compounds that are used in different types of cancer, another, breast cancer-
specific class of drugs is used in the treatment of estrogen receptor-positive
tumors. These agents are antiestrogens, the most widely used of which is
tamoxifen (1). The objective of the present grant is to identify genes that
determine the sensitivity of human breast carcinoma cells to agents used in
breast cancer treatment, including antiestrogens (tamoxifen) and cytotoxic
drugs (Adriamycin, cyclophosphamide, methotrexate, 5-fluorouracyl, taxol).

Our approach to the identification of chemotherapeutic sensitivity
genes is based on the isolation of genetic suppressor elements (GSEs), derived
from such genes and inducing cellular resistance or sensitivity to the
corresponding agents. GSEs are short cDNA fragments that counteract the
genes from which they are derived by encoding inhibitory peptides or
antisense RNAs (2). We have previously developed the methodology for
GSE selection from retroviral libraries carrying short random fragments of
normalized (uniform-abundance) cDNA from mammalian cells (3-5). Using this
approach, we identified several GSEs conferring resistance to anticancer
drugs or inducing neoplastic transformation (4,5). The same strategy is being
used in the present project to identify GSEs that render breast carcinoma
cells resistant to chemotherapeutic agents. GSEs inducing resistance to
tamoxifen, as well as Adriamycin, methotrexate and taxol will be cloned by
expression selection in MCF7 cells. The cloned GSEs will be used to
isolate full-length cDNA sequences of the corresponding genes, and the
effects of individual GSEs on hormone responsiveness or drug resistance will
be investigated. The genes giving rise to such GSEs would constitute
likely determinants of chemotherapeutic sensitivity in breast carcinoma.

Body

1. Status of the project at the beginning of the year

During the previous period of the project, we have developed sublines of
MCF7 breast carcinoma cells that were highly susceptible to infection with
ecotropic retroviruses. These sublines were subsequently found to have lost
their estrogen receptor, making them unsuitable for selection with antiestrogens.
We have also analyzed the effects of a GSE derived from the BCL2 apoptosis
suppressor gene in MCF7 cells and attempted to select new GSEs conferring
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Adriamycin resistance in these cells, using a normalized cDNA fragment library
derived from Hela cells. Because of high experimental variability and negative
results observed in these and some other concurrent GSE projects, we set out to
characterize the parameters affecting gene expression from retroviral vectors
used in GSE selection and analysis. We have identified prolonged selection for
a drug-resistance marker and low infection rate as factors that are detrimental to
gene expression from such vectors (6). We have also generated the evidence
for functional cooperation between different GSEs (7), indicating the need for the
selection of multiply infected cells and for complete recovery of integrated GSEs
at intermediate rounds of selection. Based on this analysis, we developed a
series of retroviral vectors that contained Green Fluorescent Protein (GFP) (8-
10) instead of a drug-resistance gene as a selectable marker. GFP selection
allows one to avoid the detrimental effect of continuous drug selection on the
expression of the unselected gene from the same vector, and it also permits the
isolation of multiply infected cells on the basis of their higher fluorescence.
Fluorescence-activated cell sorter (FACS) selection of GFP-expressing cells
was shown to be suitable for the isolation of infectants in MCF7 cells. For
improved GSE testing and for the selection of GSEs with potential growth-
inhibitory effects, we developed B-galactoside-regulated inducible retroviral
vectors (11). To enable regulated expression from these vectors, we have
transfected several tumor cell lines, including MCF7, with the bacterial Lacl
repressor gene, modified for nuclear localization in mammalian cells. We have
also generated a normalized cDNA fragment population from MCF7 cells.

2. Development of an efficient procedure for recovery of integrated retroviral
vectors.

The finding that GSE effects may be due to cooperation between two or
more different GSEs (7) indicated the need to maximize the efficiency of the
GSE recovery at intermediate stages of selection. For this purpose, we
developed an efficient procedure for rapid rescue of integrated proviruses. In
this technique (12), we use “long and accurate” PCR with primers corresponding
to the ends of Moloney virus LTR to amplify the entire integrated provirus from
genomic DNA. The PCR product is then used directly to transfect BOSC 23
ecotropic retrovirus packaging cells (13), yielding retrovirus as efficiently as the
same amount of retroviral vector in the plasmid form. Although we had some
initial difficulties using this technique with suboptimal quality DNA preparations
or with murine genomic DNA, we found that the provirus could be efficiently
rescued from such preparations by doing an additional round of PCR on size-
separated products of the first round. The retrovirus population rescued by this
‘long-vector PCR” (LV-PCR) technique showed excellent conservation of
sequence representation (12). The development of the LV-PCR rescue
technique has made it much more practical to carry out multiple rounds of GSE
selection.
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3. lIdentification of the GFP vector for GSE selection in MCF7 cells and
development of estrogen-receptor positive MCF7 cells infectable with ecotropic
retroviruses.

In the previous year, we have generated a series of retroviral vectors
expressing different forms of GFP and demonstrated the feasibility of FACS
selection for MCF7 cells infected with such vectors. In the current year, we
tested four of these vectors, carrying the luciferase reporter gene, for the
efficacy of luciferase expression in the infected (unselected) populations of
MCF7 cells. The highest luciferase expression was obtained with a vector
termed LmGCX; expression from LmGCX in MCF7 cells was similar to that from
the most efficient neo-containing LNCX vector (14) (after correction for
differences in the infection rates). LmGCX contains a “humanized” version of a
“red-shifted” (S65T) mutant form of GFP (12), which is expressed from a
modified form of Moloney LTR containing a mutation in the U3 region; this
mutation ensures efficient expression from an LTR promoter in a broader variety
of cell types (15). The gene or GSE inserted in this vector is expressed from a
strong cytomegalovirus promoter. The LmGCX vector was chosen for GSE
selection in MCF7 cells.

The previously generated sublines of MCF7 cells transfected with the
ecotropic retrovirus receptor lost most of their estrogen receptor (ER) and
therefore were unsuitable for tamoxifen selection, though still suitable for
selection with cytotoxic drugs. To generate an ER-positive cell line susceptible
to ecotropic retroviruses, we have transfected an ER-positive MCF7 line
(obtained from ATCC) with a plasmid carrying the ecotropic virus receptor gene
(16) in pBabeBleo vector containing the phleomycin resistance marker (17).
Three independent transfections were done; from each experiment, about 35
highly phleomycin resistant clones were isolated. About 90 clones were tested
so far by infection with GFP vectors. Only one clone (termed e/26) showed
sizable (22%) infection rate, while the others had only 2-5% infection (in
contrast, the previously derived ER-negative MCF7 line showed 60% infection).
The e/26 clone will be selected again with phleomycin and further testing will be
done prior to using these cells for tamoxifen selection.

4. Generation of a normalized cDNA fragment library from MCF-7 cells in a GFP
vector

We have previously generated a normalized cDNA fragment population
from MCF7 cells. The cDNA fragments were prepared by a new procedure which
allows us to determine the orientation of the cloned fragments relative to the
original mRNA. Instead of using random hexanucleotides as primers for reverse
transcription, we have used a primer with a defined sequence, containing
translation termination codons in all three reading frames (in antisense
orientation) as well as a restriction site for cloning, coupled with six random
nucleotides at the 3’ end of the primer. After reverse transcription with this primer
and second-strand cDNA synthesis, double-stranded cDNA fragments were
ligated to an adaptor containing three translation initiation codons; this adaptor
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was subsequently removed from the 3' end of the cDNA fragments by restriction
enzyme digestion. These asymmetrically tagged cDNA fragments were amplified
by PCR and used for subsequent normalization, carried out by the procedure of
Patanjali et al. (17). The normalization in this ¢cDNA population had been
demonstrated by similar signal intensities in Southern hybridization with a-
tubulin, 28S ribosomal RNA, c-fos and MDR1 probes. We have now cloned this
normalized cDNA population into the retroviral vector LmGCX. The resulting
MCEF7 library contains 29 x 10° clones, >90% of which are recombinant; six
randomly picked clones were sequenced and shown to contain the appropriate
adaptors at both ends; the position of these adaptors allows us to determine
fragment orientation relative to the original mRNA.

5. First-round selections for GSEs conferring resistance to Adriamycin and
methotrexate

We have used the above described MCF7 retroviral library to infect an
ecotropic-virus susceptible subline of MCF7 cells (with low ER levels) and to
initiate the selection of GSEs conferring resistance to Adriamycin (ADR) and
methotrexate (MTX). For each of these selections, 1.15 x 10° cells were used for
infection with the library (virus was generated by transfecting BOSC 23
packaging cells); 16% of the cells (18.4 x 107 total) were infected. ADR selection
was carried out using 120 nM ADR for 24 hours and surviving cells were
harvested two weeks later (in preliminary experiments, approximately 0.3% of
the cells survived this selection). MTX selection was carried out using 10 uM of
MTX for four days; cells were allowed to grow for about two weeks before
harvesting (cell survival under these conditions is <0.5%). FACS analysis of
GFP fluorescence did not show any changes on the percentage of infected cells
after either ADR or MTX selection, which was to be expected at this first round,
given the relatively high background of surviving cells and the anticipated low
frequency of GSEs (about 1 in 10° based on prior experience). DNA was
extracted from the surviving cells, and the integrated proviruses are presently
being recovered by LV-PCR. The recovered proviruses will be used for the
second round of selection.

Conclusions

We have carried out the optimization of the vectors and procedures for
the isolation of GSEs conferring drug resistance in MCF7 breast carcinoma
cells. Following the analysis of parameters determining GSE expression and
functional activity in retroviral vectors, we have developed new vectors, GSE
isolation procedures and recipient cell lines. We have also constructed a
normalized random fragment cDNA library from MCF7 cells in a vector optimized
for expression and selection in these cells and used this library to initiate the
selection of GSEs conferring Adriamycin and methotrexate resistance. While
these drug selections are conducted in a recipient cell line which has low levels
of estrogen receptor, we are currently developing an estrogen receptor-positive
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recipient cell line susceptible to infection with ecotropic retrovirus, which will be
used for the selection of GSEs conferring resistance to tamoxifen.
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Effects of Infection Rate and Selection Pressure on Gene
Expression from an Internal Promoter of a Double Gene
Retroviral Vector

Brigitte Schott, Elizabeth Sullivan Iraj, and Igor B. Roninson'
Department of Genetics, University of Hlinois at Chicago, 900 South Ashland Avenue, Chicago, lllinois 60607-7170.

Received 15 July 1996—Final 29 August 1996

Abstract—Many commonly used retroviral vectors express one gene from the viral long terminal
repeat (LTR) promoter and another gene from an internal promoter. We have investigated factors
affecting the expression of the luciferase reporter gene from the internal cytomegalovirus-derived
promoter of the retroviral vector, LNCX, which contains a LTR-driven neo gene as a selectable
marker. A subline of human HT1080 cells, expressing the murine ecotropic receptor, was infected
with retrovirus generated by transient transfection of BOSC 23 packaging cells. Mass populations
of cells infected under conditions resulting in different initial infection rates (IIR) and selected with
G418, showed highly variable luciferase activity. Luciferase expression in cell populations with
IIR = 5% was generally low; many populations with IIR < 1% had marginal or no luciferase
activity. The loss of luciferase expression in low-IIR populations was associated with G418
selection. In contrast, cell populations with IIR = 6% showed higher luciferase expression, which
was strongly correlated with the IIR. Southern hybridization analysis showed that most cells of the
low-IIR populations carried one integrated provirus, with a high incidence of structural rearrange-
ments that abolished luciferase activity. In contrast, populations with IIR = 6% contained two or
more copies of integrated provirus per cell, and their luciferase activity correlated with the provirus
copy number. Luciferase expression was relatively stable in the populations with IIR > 1%
maintained in the absence of G418. Increasing the selective concentration of G418 or prolonged
maintenance of cell populations in the presence of G418 resulted in higher incidence of provirus
rearrangements and decreased luciferase expression. These results indicate that the negative effect
of selection for the LTR-driven gene on gene expression from an internal promoter depends on the
selection stringency and can be obviated by increasing the infection rate.

INTRODUCTION improved transient transfection procedures for
generating high titers of recombinant retrovi-
ruses (1, 2). The high efficiency of retroviral

transduction allows one to analyze phenotypic

Retroviral transduction provides one of the
most efficient means for stable gene transfer in a

wide variety of mammalian cell types, both in
vitro and in vivo. It is also the easiest of all the
virus-based transduction techniques, which was
recently simplified by the development of

To whom correspondence should be addressed.

effects of transduced genes in mass populations
rather than individual clones of infected cells,
thus avoiding the problems associated with
clonal variability. In many experimental situa-
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tions, however, the efficacy of retroviral infec-
tion is limited by the nature of the recipient cells
(e.g., cells that express low levels of retroviral
receptor or cells growing in suspension may be
poorly infectable) or by experimental variability
in the transfection of packaging cells or tissue
culture conditions. Since it is not always feasible
to infect 100% of the recipient cells, population
assays usually utilize double-gene vectors that
express a dominant selectable marker in addi-
tion to the gene of interest. Such markers allow
one to select a population consisting entirely of
infected cells, regardless of the infection rate.
The most commonly used retroviral vectors
express one gene from the viral long terminal
repeat (LTR) promoter and the second gene
from an internal promoter (in either sense or
antisense orientation relative to LTR), though
single-promoter bicistronic vectors containing
an internal ribosome entry site (IRES) have
gained popularity in recent years (3, 4). The use
of an internal promoter, rather than LTR,
becomes particularly important when such a
promoter provides cell-type specific or induc-
ible expression.

It has long been known that the two
promoters of a double-gene retroviral vector are
not always coexpressed, and that functional
selection for one promoter can lead to inactiva-
tion of the other (5). Another well known
problem, which is not limited to double-gene
vectors, is the instability of gene expression
from integrated proviruses (6, 7). A number of
studies have addressed the parameters that affect
the level or the stability of expression from
retroviral vectors (7-16). Several important
factors have been identified, including the
nature of the recipient cells, relative strength and
orientation of the promoters, virus titer, provirus
copy number and integration sites, and mainte-
nance of selective pressure. The role for some of
these factors, however, remains controversial,
with different correlations reported for different
cell/vector systems. For example, maintaining
the selection pressure was reported in some
studies to increase (7) and in other studies to
decrease (12) the stability of expression of the

Schott, Iraj, and Roninson

nonselected gene. In several studies, the pres-
ence of more than one copy of integrated
provirus per cell was correlated with higher
expression levels and stability (11, 12). Multi-
copy integration in infected cell populations has
been achieved through multiple rounds of
infection or by using very high virus titers (12,
14, 17).

Our laboratory has extensively utilized
double-gene retroviral vectors carrying the neo
(G418 resistance) gene to analyze phenotypic
effects of different genetic elements in mass
populations of infected cells (17-19). In some
cases, however, we encountered difficulties in
reproducing the same phenotypic effect in
different independently derived populations.
Experimental variability was primarily observed
in the experiments where the infection rates
were low and G418 selection was carried out
prior to phenotypic analysis. In the present
study, we have investigated the effect of
differences in the infection rate or in the
conditions of G418 selection on the expression
of a reporter gene from an internal cytomegalo-
virus (CMV)-derived promoter of a commonly
used double-gene retroviral vector, LNCX (20).

MATERIALS AND METHODS

Vectors and Cell Lines. The Moloney
virus-based retroviral vector LNCX (20) was a
gift of A.D. Miller (Fred Hutchison Cancer
Center). LNCluc was constructed by B.-d.
Chang in our laboratory by blunt end ligation of
the 1.7 kb firefly luciferase gene, excised with
Stul from pGEMluc vector (Promega), into the
unique Hpal site located downstream of the
CMV promoter in the LNCX vector. BOSC 23
ecotropic packaging cell line, a derivative of
human 293 cells (1), and their amphotropic
counterpart, BING (21), were a gift of W.S. Pear
and D. Baltimore (MIT). PE501 and PA317,
murine ecotropic and amphotropic packaging
cells (20, 22), were a gift of A.D. Miller.
HT1080 plet-2fTGH cell line (kindly provided
by G.R. Stark, Cleveland Clinic Research
Foundation, Cleveland, Ohio) was generated by

»
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cotransfection of HT1080 2fTGH line (23) with
pJET plasmid expressing the murine ecotropic
receptor (24) and a plasmid expressing the
puromycin-resistance gene. The original HT1080
cells (without ecotropic receptor) and NIH 3T3
cells were obtained from ATCC. All cells were
grown at 37°C in a 7% CO, atmosphere, in
DMEM supplemented with 10% fetal calf serum
and with penicillin-streptomycin.

Retroviral Infection and Isolation of
Infected Cell Populations and Clones. BOSC
23 or BING packaging cells were transfected
with retroviral plasmid vector essentially as
described by Pear et al. (1), except that 2 X
HeBS buffer (25) was used instead of 2 X HBS.
Murine packaging cell lines PE501 or PA317
were transfected by a standard calcium-
phosphate precipitation protocol (25). Packag-
ing cells were plated 24 h before transfection at
a density of 2 X 106 or 0.2 X 109 per P60 plate
for the human or mouse cells, respectively. The
variations in the virus titers were achieved by
using different amounts of vector DNA mixed
with salmon sperm genomic DNA (carrier) up to
the total DNA amount of 15 pg (higher amounts
of vector DNA were used in some experiments,
as indicated). Virus-containing media superna-
tants were collected 1 and 2 days after
transfection.

In some experiments, the virus titers were
determined by a colony-forming assay on NIH
3T3 cells. In this assay, 10* NIH 3T3 cells were
plated in each well of a six-well plate. 24 h later,
cells were infected with 2 ml of virus-containing
media, prepared by serial dilutions of the
corresponding supernatants from the transfected
packaging cells. Cells were incubated with the
virus in the presence of 4 pg/ml polybrene
(Sigma) for 24 h, then with fresh media for
another 24 h, and then with media containing
0.6 mg/ml G418 (active drug concentration)
until the cell death was complete in control
plates containing uninfected cells. G418-
resistant colonies were stained with crystal
violet and counted.

1 X 10° recipient HT1080 cells were plated
per P60 24 h before infection. For infection,
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media on the plates were replaced on two
consecutive days (unless indicated otherwise)
with filtered virus-containing supernatants
supplemented with 4 pg/ml polybrene. 24 h
later, media were changed and the cells were
allowed to grow in fresh media for 48 h more
before splitting at 0.5 X 10° cells per P100 (up
to 2 X 10% cells per P100 were plated after
infections with very low infection rate) and
plating in the presence of 0.4 mg/ml (or other
indicated effective concentrations) of G418. In
each experiment, a control G418-containing
plate was seeded with the same number of
uninfected cells. G418-containing media were
replaced every 3 days; the end of G418 selection
was indicated by the time of complete death of
uninfected cells. Unless indicated otherwise, the
infected populations were maintained in the
absence of G418 after the completion of the
initial selection. In parallel with the selection of
mass populations, the infection rate was deter-
mined by colony survival assays. For these
assays, 500 cells were plated per P100 without
G418 and several different cell numbers (from
10% to 2 X 106 cells per P100, depending on the
anticipated infection rate) were plated in the
presence of G418. At the end of G418 selection,
colonies were stained with crystal violet and
counted. The infection rate was defined as the
ratio of the percentages of cells giving rise to
colonies in the presence and in the absence of
G418.

Individual cell clones were derived in some
experiments from G418-selected populations,
by plating such populations at low density (50
cells per P100), in the absence of G418 and
picking well-isolated colonies. In other experi-
ments, subclones were isolated during the initial
G418 selection, in parallel with the selection of
mass populations, by picking individual colo-
nies from G418-containing plates seeded at a
lower density.

Luciferase Assays. For luciferase assays,
0.5 X 10°¢ aliquots of cells from different
G418-selected populations or clones were col-
lected in exponential phase of growth, sus-
pended in 0.5 ml lysis buffer (Luciferase Assay
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System, Promega) and cleared lysates were
frozen at —70°C until the assay. Luciferase
activity was evaluated using the Luciferase
Assay System (Promega) according to the
manufacturer’s protocol, except that 5 ul of each
sample and 50 pl of assay buffer were used for
each assay. The luciferase activity was measured
in a Beckman LS 5000TD scintillation counter.
The results were normalized for the total protein
amount in each sample, measured by a modified
Bradford method using a Protein Assay Reagent
(Bio-Rad). This assay was highly reproducible,
as aliquoted frozen cell lysates, repeatedly
measured at different times (up to 3 times over 6
months), showed =10% variability.

Southern Hybridization. Genomic DNA
was prepared using the Qiagen Blood and Cell
Culture DNA kit (Qiagen). EcoRI or HindlIl
digested DNA was separated by electrophoresis
in 0.8% agarose gel and transferred onto
HybondN (Amersham) nylon membrane. Hy-
bridization probes were prepared by restriction
enzyme digestion of the LNCluc plasmid,
followed by the isolation of the desired frag-
ments by electrophoresis in 1% agarose gel and
purification with a Qiaquick Gel Extraction kit
(Qiagen). Probes were labeled with 3P by
random priming, using the Multiprime DNA
Labeling System (Amersham). Hybridization
and high-stringency washing were carried out as
previously described (26).

Schott, Iraj, and Roninson

Copy number of integrated proviruses was
determined from Southern blots of EcoRI-
digested DNA, by measuring hybridization
signal intensities using Betascan (Betagen). The
copy number for a given band was determined
from its signal intensity relative to the signal
intensity of the lanes with DNA from a cell line
containing a single provirus (clone 1 or clone 2
derived from 0.2%-1IR population). As a control
for variability of loading and transfer, the probe
bound to the filters was allowed to decay for
three months and the filters were then rehybrid-
ized with an unrelated probe pMDR2 (27).
Relative signal intensities for each band hybrid-
izing with the retroviral probe were normalized
for the intensity of the corresponding 3.1 kb
pMDR2-specific band (28).

RESULTS

Relationship Between the Infection Rate
and the Amount of Vector DNA Transfected into
BOSC 23 Packaging Cells. Replication-deficient
ecotropic retrovirus LNCluc (Fig. 1), carrying
the firefly luciferase (Juc) reporter gene under
the control of the internal CMV promoter of the
LNCX vector (20), was prepared in most
experiments by transient transfection of the
corresponding plasmid vector into ecotropic
pac