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Recombinant Adeno-associated Virions Delays Cell Proliferation In Vitro
and In Vivo
Xin-Lai Sun, Brian R. Murphy, Qing-Jun Li, Sharada Gullapalli, Janet Mackins, Hiremagalur N. Jayaram, Arun Srivastava,
and Asok C. Antony
Department of Medicine, Division of Hematology-Oncology, Indiana University School of Medicine, Indianapolis, Indiana 46202

Abstract

Although folate receptors (FRs) mediate folate uptake into
cells, the independent role of FRs in cell proliferation re-
mains unclear. Wetested the hypothesis that transduction
of FRcDNAin sense or antisense orientation using recombi-
nant adeno-associated virus modulated FR expression and
altered proliferation of cervical carcinoma cells (which con-
stitutively overexpress FR genes). Wedetermined that the
integration of recombinant adeno-associated virions was not
site specific. Whencompared with untransduced cells, sense
and antisense FR cDNA-transduced cells exhibited an in-
crease and decrease in FRmRNAand FR expression on the
cell surface, respectively. However, when compared with
antisense FR cDNA-transduced and untransduced cells,
sense FR cDNA-transduced cells exhibited statistically sig-
nificant (a) increases in total FRs, (b) smaller colonies, (c)
lowered cell proliferation in vitro, and (d) less tumor volume
with dramatic prolongation of tumor doubling times (225.6
h vs. 96 h) after transplantation into nude mice. Finally,
(J) using single cell-derived transduced clones, an inverse
relationship between cell proliferation and FR expression
was established (r = 0.90, P < 0.001). Thus, transduction
of sense/antisense FR cDNA into cervical carcinoma cells
modulated expression of FRs and had an impact on cell
proliferation in vitro and in vivo. (J. Clin. Invest. 1995.
96:1535-1547.) Key words: tumor growth * gene transfer -

genomic integration * transplantation * doubling time

Introduction

The essential role of intracellular folates in one-carbon metabo-
lism is well established (1). In the past decade, we and others
demonstrated that the mechanism of cellular entry of physio-
logic folates into normal and several malignant cell lines in-
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volves interaction with cell surface folate receptors (FRs),'
which are anchored to the membrane by glycosyl-phosphatidyl-
inositol (GPI) anchors (reviewed in references 2-4). Earlier,
we also showed that the interaction of anti-FR IgG with FRs
on hematopoietic erythroid, myeloid, macrophage, and mega-
karyocytic progenitors led to a profound stimulatory effect on
cell proliferation that was independent of anti-FR antibody-
mediated induction of megaloblastosis and intracellular folate
deficiency (5, 6). Thus, these data suggested a role for FRs in
constitutive control of proliferation from one of two possibilit-
ies: either the antibody perturbed a normal inhibitory role of
the FRs on cell proliferation, or alternatively, the antibody ac-
centuated a normal function of the FRs in constitutive stimula-
tion of cell proliferation (4). In either case, an important issue
is whether FRs have a similar role in malignant cells.

Recent studies documented alterations in cell proliferation
following transfection of sense FR cDNA into cells that do
not constitutively express FRs (7-10). Thus, transfected cells
exhibited greater proliferation and survival when compared with
controls. Because proliferation of transfected cells was assessed
in low extracellular/physiologic (nanomolar) folate concentra-
tions, it is unclear whether these findings were caused by the
independent effects of (a) a greater concentration of intracellu-
lar folates accumulated by FR cDNA-transfected cells (which
prevented folate-deficient cell death), (b) a proliferative signal
generated at the level of the FRs per se, or (c) a combination
of both.

One approach to begin to sort out these possibilities is to
introduce FRcDNAinto cells in a sense or antisense orientation
and determine the functional consequences of over- and under-
expression on cell proliferation at micromolar extracellular fo-
late concentrations, which allows passive diffusion of folic acid
intracellularly ( 11). However, rather than transfection, we
wished to transduce FR cDNA after its encapsidation into an
infectious virion in anticipation that in vitro data may eventually
be translated in vivo (12).

A wild-type (wt) nonpathogenic human parvovirus (13),
the adeno-associated virus 2 (AAV), integrates into the host
genome by recombination between inverted terminal repeats
(ITRs) of AAVand host DNA(14-17). Although earlier stud-
ies demonstrated random integration of recombinant AAV
[(r)AAV] into the human genome, two groups recently identi-
fied site-specific integration of the wt-AAV genome into human

1. Abbreviations used in this paper: AAV, adeno-associated virus 2;
Ad2, human adenovirus 2; FACS, fluorescence-activated cell sorting;
FR, folate receptor; GPI, glycosyl-phosphatidylinositol; GPI-PLC, GPI-
specific phospholipase C; ITR, inverted terminal repeat; PteGlu, ptesoyl-
glutamic acid; (r), recombinant; RVS, recombinant virus stock; wt, wild
type.

AAV-mediated Gene Transfer of Folate Receptors 1535

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/95/09/1535/13 $2.00
Volume 96, September 1995, 1535-1547



chromosome 19q13-qter ( 18-20), while another identified inte-
gration into chromosome 17q (21). Therefore, AAV-based vec-
tors have the potential for safe and efficient use in human gene
therapy (14-17), and recent studies involving the introduction
of physiologically relevant genes have been published
(22-24).

Accordingly, we employed (r)AAV (which retained only
ITRs of wt-AAV) to transduce sense/antisense FR cDNA into
cervical carcinoma cells, which constitutively overexpressed
FRs even while growing in micromolar extracellular folate con-
centrations. Using this model, we specifically addressed three
questions: (a) Is site-specific integration retained in our
(r)AAV? (b) Can transduction of physiologically relevant
genes significantly modulate expression of constitutively over-
expressed genes (such as FRs in cervical carcinoma cells)?
(c) Does altering basal FR expression lead to any functional
consequences in cells transduced with sense versus antisense
FR cDNA? In addition to studies with clonal mixtures and
single-cell-derived clones of sense and antisense FR cDNA-
transduced cells in vitro, complementary studies on tumor
growth in mice transplanted with these cells were also carried
out to confirm the in vitro data.

Methods

Materials
All cell culture media, sera, antibiotics and other additives, PBS, as
well as Escherichia coli DHIOB-competent bacteria, were obtained
from GIBCOBRL (Gaithersburg, MD). Restriction endonucleases, T4
DNAligase, the in vitro transcription kit, and fluorescein isothiocyanate-
conjugated goat anti-mouse IgG, and (r)GPI-specific phospholipase C
(GPI-PLC) were obtained from Boehringer Mannheim (Indianapolis,
IN). Mouse nonimmune IgG was obtained from Pierce (Rockford, IL).
[3 ',5 ',7,9-3H] Pteroylglutamic acid ([3H]PteGlu), potassium salt, sp
act 50 Ci/mmol; 32P-dCTP, sp act 3000 Ci/mmol; 32P-UTP, sp act

8000 Ci/mmol; and [355Icysteine, sp act 1000 Ci/mmol, were
obtained from Amersham Corp. (Arlington Heights, IL). All chemicals
were of the highest analytical grade and, unless stated otherwise, were
from Sigma Chemical Co. (St. Louis, MO).

Plasmids and viruses
pc32, a pUC 8 plasmid containing full-length human FR cDNA (25),
was a generous gift from Dr. P. C. Elwood (Medicine Branch, National
Cancer Institute, National Institutes of Health, Bethesda, MD). pAAV/
NEOand pAAV/Ad, a helper plasmid containing AAVgenes necessary
for replication (26), were generously provided by Dr. R. J. Samulski
(University of North Carolina, Chapel Hill, NC). pTwu.Gl (27, 28)
was a kind gift of Dr. R. H. Schloemer, and human adenovirus 2 (Ad2)
was kindly provided by Dr. K.H. Fife (both from Indiana University
School of Medicine, Indianapolis, IN). A pBluescript-derived plasmid
containing the 0.3-kb right flanking DNAfragment (rff-DNA) related
to wt-AAV integration was kindly provided by Dr. K. I. Berns (Cornell
University Medical College, New York, NY) (18).

Origin of cells
KB cells, passage 363, an established line of human nasopharyngeal
carcinoma cells, were grown at 37°C as described (29, 30). The parent
cells, which were contaminated with HeLa cell markers as early as 1976
(31, 32), were subcloned in 1% methyl cellulose, and single clones
were directly aspirated under microscopic visualization. One such cell
line has been in continuous passage since 1985. In 1992, one of several
individual clones of cells was further subjected to two rounds of limiting
dilution before use in these experiments. Karyotypic analysis revealed
that it was a HeLa cell-derived line because it contained none of the

classic markers of KB cells (31, 32), and HeLa markers 2 and 3 (three
copies) were present (data not shown). This clone is designated HeLa-
IUI in this report to distinguish it from parent KB cells. These cells
contained GPI-linked FRs (see Fig. 4, e), which are localized on plasma
membranes and membranes surrounding organelles, as determined by
immunohistochemistry and immunofluorescence with anti-FR antiserum
(data not shown), similar to that described earlier (29). The cellular
FRs, which are predominantly alpha isoforms as determined by reverse
transcription-PCR, participate in transport of folates into cells (data
not shown). In addition, the FR cDNAwe transduced into cells was
the a-FR isoform. When transfected into cells, this FR cDNA isoform
has been shown to allow cells that do not constitutively express FRs to
tolerate growth in very low folate media (7, 8) and increases the sensitiv-
ity of cells to methotrexate (9), consistent with the concept that this
FR isoform plays an important role in cellular folate transport.

Analysis of the extent of GPI anchoring of FRs in
untransduced, sense, and antisense cells
The FRs of cells were biosynthetically labeled by [35S]cysteine, and
their conversion from a hydrophobic to hydrophilic species by GPI-
PLC was determined as follows. Briefly, 2 x 106 cells at - 80%conflu-
ency were rinsed three times with Dulbecco's (D)-PBS and starved for
18 h in 8 ml cysteine-free MEMcontaining 10% dialyzed FCS before
being pulsed with [35S]cysteine (400 1Ci in 4 ml of cysteine-free me-
dia) for 8 h at 370C. After washing with D-PBS containing 20 mM
EDTA, 100 pg/ml phenylmethylsulfonyl fluoride, and 1 ILg/ml aprotinin
(buffer A), the cells were solubilized in 1 ml buffer A containing 1.5%
Triton X-1 14 at 4°C for 24 h. After centrifugation at 13,600 g for 15
min at 4°C, the supernatant containing 35S-labeled FRs was subjected
to two cycles of temperature-induced phase separation (33) to remove
free [35S]cysteine. Each cycle involved incubation at 37°C for 10 min,
followed by centrifugation at 13,600 g for 5 min at 22°C, aspiration of
the supernatant, followed by reconstitution of the remaining Triton X-
114 micellar phase with 1 ml buffer A. The solubilized cell membrane
extracts containing 35S-labeled FRs among other hydrophobic radiola-
beled proteins (120 yg) were then incubated with 0.66 U GPI-PLC in
100 il buffer A containing 1% Triton X-1 14 for 1 h at 37°C, followed
by addition of 0.5 ml of this buffer and cooling to 4°C. After tempera-
ture-induced phase separation, the aqueous and micellar phases were
separated. After addition of buffer A to the micellar phase to a final
volume of 0.5 ml and Triton X-1 14 to the aqueous phase to achieve a
final concentration of 1%, the samples were individually reacted at 4°C
with 20 ,u crude nonimmune serum for 2 h, followed by reaction with
200 y1 of IgGsorb (Enzyme Center, Boston, MA) for 2 h (6, 34). After
sedimentation of IgGsorb, the supernatants were reacted with 20 ,A
crude anti-PFR antiserum (35) at 4°C overnight. After sedimentation
of 35S-labeled FR-antibody complexes using IgGsorb, the samples were
analyzed on 12.5% SDS-PAGE(6) followed by fluorography.3

Construction of (r)AAV containing FR cDNA in the sense
orientation (pBARS) and in the antisense orientation
(pAnti-BARS) (Fig. 1)
All recombinant DNAmethods were as described (36).

Construction of pBARS. The 1.1-kb full-length human FR cDNA
was recovered by digesting the original plasmid pc32 with EcoRI. The
pUC 9 vector with the herpes simplex virus thymidine kinase (TK)
promoter from plasmid pTwu.Gl was dissociated from neo' by digest-
ing with Bglll plus BamHI. The blunt-ended 1. 1-kb FRcDNAfragment
and the 2.9-kb pUC9/TK promoter fragment were ligated. After trans-
formation of competent E. coli DH1OBand selection, plasmids con-
taining FR cDNAin the sense orientation in relation to the TK promoter

2. Sun, X-L., K. Gharehbaghi, H. N. Jayaram, and A. C. Antony, manu-
script in preparation
3. Li, Q.-J., X.-L. Sun, and A. C. Antony, manuscript in preparation.
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Figure 1. Overall strategy for construction of the (r)AAV-based plasmids containing the 1.1-kb FR cDNA in the sense orientation (pBARS, left)
and the 1.06-kb FR cDNAin the antisense orientation (pAnti-BARS, right) in relation to the TK promoter. The plasmids used and each experimental
step are detailed in Methods.

(designated pASS; see Fig. 1, left) were identified by digestion with
Aval, which cleaves the sense FR cDNA-oriented construct into 3.25-
kb and 0.75-kb fragments. The plasmid pAAV/NEO is a pEMBLderiv-
ative that consists of a neoR gene driven by the simian virus 40 (SV40)
early promoter, flanked by AAVITRs. The 1.35-kb fragment containing
the TK promoter plus sense FR cDNA was isolated from pASS by
digestion with HindIH and SmaI, blunt-ended, and ligated to pAAV/
NEO, which was linearized by digestion with EcoRI and blunt-ended
to construct pBARS.

Construction of pAnti-BARS. Position 1060 of FR cDNA in pc32
has a unique NcoI site. Therefore, after digesting pc32 with NcoI and
blunt-ending, an 8-mer BglIl linker was ligated at this NcoI site. The
resultant plasmid contained a BglIl site at position 1060 of the FR
cDNA(designated pc32-B; see Fig. 1, right). After digestion with Bglll
plus HindH, a 3.69-kb fragment (containing the pUC 8 vector plus the
initial 1060 bp of the FR cDNA) was isolated. The 250-bp TK promoter
was isolated from pTwu.Gl by digestion with BglII plus HindIII and
ligated to the 3.69-kb fragment described above. The resultant plasmid
(pAnti-pASS; see Fig. 1, right) consisted of the TK promoter driving
the FR cDNA in the antisense orientation. The 1.55-kb fragment con-
taining the TK promoter linked to the antisense FR cDNAwas isolated
by digestion with HaeH plus HindU, blunt-ended, and ligated to pAAV/
NEO, which was digested with EcoRI and blunt-ended to construct
pAnti-BARS. Verification that AAVITRs flanked the TK promoter that
preceded sense or antisense FRcDNAand SV-40 promoter-driven neoR
gene was carried out by analysis using various restriction endonucleases
(data not shown).

Preparation of recombinant virus stocks
DNA rescue/replication assays (26, 37-39) of pBARS and pAnti-
BARS identified the following optimal conditions for preparation of
RVS: 10 plaque-forming units of Ad2, 2 ug AAV/Ad, 2 ug pBARS
or pAnti-BARS, and incubation of cells in 1 ml transfection media for
30 min followed by culture for 60 h. Recombinant virus stocks (RVS)
prepared from pBARS (RVS-BARS) and pAnti-BARS (RVS-Anti-
BARS) were quantified before use, as described (26, 37).

Transduction and selection of geneticin-resistant cells
After washing 70% confluent cells three times with 10 ml PBS/wash,
cells were infected with RVS-BARS or RVS-Anti-BARS at 370C for
1 h as described (26). After cells were cultured at 370C for 48 h,
fresh medium containing 400 jsg/ml of G418 (active concentration)
was added and mixtures of G418-resistant colonies appearing by 14 d
were allowed to grow to confluence. Additional cell lines derived from
single cell clones using terminal dilution in 96-well plates were also
obtained. Because our (r)AAV was not purified, the calculated effi-
ciency of transduction of 1-2% (data not shown) is a gross underesti-
mate, because the ratio of defective to infectious virions has been esti-
mated to be between 20:1 and 200:1 (16).

DNA/RNAextraction and analysis
After digestion of 10 jig genomic DNAwith HindM and PstI, electro-
phoresis in 1% agarose gels, and transfer to nylon filters, hybridization
was performed with FR cDNA (1.1 kb), neoR (2.4 kb), and rff-DNA
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probes, which were radiolabeled (random hexanucleotide primer
method) to a specific activity of - 0.3 mCi/,ug DNA. Membranes were
washed under stringent conditions with 1.5 mMsodium citrate (pH
7.0),/15 mMNaCl/0.1% SDSat 650C, and autoradiographed at -80'C
(36). For Northern analysis, 10 ,ug of RNA(40) was electrophoresed,
transferred to nylon membranes, and hybridized with 32P-labeled FR
cDNA, 32P-labeled neo', and 32P-labeled /3-actin DNA(36). For single-
stranded RNAprobes, FRcDNA( 1.1 kb) was subcloned into the EcoRI
site of pSPT18 followed by removal of the multiple cloning sites (Hin-
dIll to Sacd) in the vector to form pSPT18-FR. For the sense single-
stranded RNA probe, pSPTl8-FR was linearized with PstI and tran-
scribed by SP6 RNApolymerase; for the antisense single-stranded RNA
probe, pSPT18-FR was linearized with AvaI and transcribed by T7
RNApolymerase according to the manufacturer's protocol. For single-
stranded RNAprobe hybridization, membranes were incubated in buffer
(30 mMsodium citrate (pH 7.0)/300 mMNaCl/ 10 jig/ml ribonuclease
A) at 22°C for 30 min before autoradiography and quantitation of autora-
diograms using a densitometer (model 630; BioRad Laboratories, Rich-
mond, CA)

Quantitation of [3H]PteGlu binding to FR
Studies on intact HeLa-IU, cells. After cells (2-7 x 105) were cultured
in 24-well plates to 80% confluency, all subsequent experiments were
conducted at 4°C using ice-cold buffers. Cells were sequentially washed
four times (1 ml PBSper wash cycle) to remove the high concentrations
of folate extant in commercial media. To remove endogenous-bound
folate from FRs on cell surfaces (29, 30), cells were then washed twice
with 1 ml 0.05 Msodium acetate-acetic acid (pH 4.5)/0.15 MNaCl
(30 s per wash), then washed twice with PBS. After 1 ml of PBS was
added to each well, 125 pmol [3H]PteGlu alone or together with 566
nmol unlabeled PteGlu (to obtain values for total and nonspecific ra-
dioligand binding, respectively) was added and the mixture was incu-
bated for 2 h. Cells were then washed four times with PBS to remove
unbound radioligand. After verification of complete removal of unbound
radioligand, 1 ml 5 MNaOHwas added, and the entire sample was
analyzed for radioactivity, as described (30). In addition, two wells of
each cell line were used to determine mean cell counts. Scatchard analy-
sis was also carried out on intact untransduced, sense, and antisense
cells, as described (41).

Studies on total FRs from solubilized cells. Total cellular [3H]-
PteGlu binding to FRs was determined as follows: cells were washed
with 10 ml PBS, harvested with PBS/10 mMEDTA, and centrifuged
at 1,000 g for 10 min. The pellets were solubilized in 1 ml PBS/5 mM
EDTA/1% Triton X-100/0.05% Na azide, at 4°C overnight (30). To
dissociate FR-bound endogenous folates (42), all samples were sequen-
tially dialyzed (with dialysis buffer changes every 12 h) against (a) 4
liters 50 mMNa acetate-acetic acid (pH 4.5)/0.05% Na azide/10 mM
EDTA/l% Triton X-100 for 3 d; (b) 4 liters 100 mMpotassium phos-
phate (pH 7.5)/1% Triton X-100/0.05% Na azide, for 1 d; and (c) 4
liters 10 mMpotassium phosphate (pH 7.5)/1% Triton X-100/0.05%
Na azide, for 1 d. After centrifugation (30,000 g for 30 min), the
supernatant was saved for protein determination and 100 Il was incu-
bated with 44 pmol [3H] PteGlu for 45 min at 37°C before application
over a calibrated 1 x 10 cm Sephacryl S-200 gel filtration column
(Spectrum Medical Industries, Houston, TX), which was equilibrated
and eluted with 10 mMpotassium phosphate (pH 7.5)/1% Triton X-
100/0.05% Na azide at 22°C. Fractions of 580 .l were collected and
counted for radioactivity. A similar protocol was used to analyze folate
binding to tumor tissue from transplanted nude mice.

Fluorescence-activated cell sorting analysis
Mouse antiplacental FR IgG mAbs were prepared in our laboratory.4
Aliquots of washed 0.5 x 10' cells from each cell line were used for
fluorescence-activated cell sorting (FACS) analysis. Cells in 50 ,1 cold
D-PBS were incubated with 6 jsg antiplacental FR mAb or 6 ug of

4. Gullapalli, S., and A. C. Antony, unpublished data.

normal mouse (nonimmune) IgG for 20 min at 40C. After sedimentation
(1000 g for 10 min) at 40C and two washes (3 ml ice-cold PBS per
centrifuge wash cycle), samples were incubated with 5 jig fluorescein
isothiocyanate-conjugated goat anti-mouse IgG on ice for 20 min. After
two washes with ice-cold PBS, as described above, cells were resus-
pended in 200 ji D-PBS and immediately analyzed on a FACScan
(Becton Dickinson Immunocytometry Systems, San Jose, CA). Positive
fluorescence was defined as that which was 99% higher than fluores-
cence obtained from duplicate samples stained with the nonimmune
mouse IgG. The mean fluorescence intensity between anti-FR mAband
nonimmune IgG allowed for direct comparison of surface expression
of FRs between sense and antisense cells.

Cell proliferation in vitro and in vivo
Cloning efficiency and colony size was determined as follows: 500 cells
were plated on each of three 60 X 15-mm dishes with 3 ml MEM
containing 10% FCS at 370C in 5% CO2. 1 wk later, cells were fixed
on the dishes and stained (Accustain; Wright-Giemsa; reference 5).
The number and mean diameter of each colony (from one of three dishes
randomly chosen) was determined under microscopic visualization as
described (5) by measuring the widest diameter of each colony at per-
pendicular axes and dividing the result by 2.

To determine the proliferation of each of the cell lines cultured in
MEMcontaining 10% FCS, 104 cells in triplicate were plated in either
60 x 15-mm plates (fed with 3 ml media) or 100 x 20-mm plates (fed
with 10 ml media). For cells cultured in MEMcontaining 2% FCS,
105 cells were plated in 24-well plates containing 2 ml media. After
various days in culture, cells were trypsinized and counted in a Coulter
counter (6) and assayed for protein (43). As a routine, before cells
were counted, they were visualized under light microscopy to ensure
they were single cell suspensions.

The doubling time (44) was derived from the relationship:

Log1o N = D x Loglo 2, (eq. 1)

where N = final cell number, N0 is divided by the original cell number,
No, or,

N = NX/No

and the number of doublings (D), is defined by the equation:

D = At/Dt,

(eq. 2)

(eq. 3)

where At is the duration in culture and D, is the doubling time. Substitut-
ing for equations 2 and 3 in equation 1, and using Logo 2 = 0.301, the
equation is:

Log1o N0/NO = At/Dt x 0.301,

or,

D, = At x 0.301/Log10 N0/No,

or,

D, = 0.301 x At/Log10 N0/No. (eq. 4)

For cell proliferation studies in vivo, 1.5 x 107 cells of each cell
line were transplanted into 5-wk-old, 18-22-g, male, athymic nude mice
(Harlan Sprague Dawley, Cumberland, IN) by subcutaneous injection
(four mice/cell line). (All animal experiments were approved by the
Institutional Review Board, Indiana University School of Medicine,
Indianapolis, IN). After 1 wk, tumor dimensions were measured and
mice were weighed every other day. Tumor weights and doubling times
were calculated as described (45). After the mice were killed on day
25 after transplantation and tumors removed in toto, internal organs
were examined for metastasis. One aliquot of each tumor (one from
each of four mice for each cell-derived tumor) was embedded in paraf-
fin, sectioned, stained (with hematoxylin-eosin), and evaluated histo-
pathologically. Another aliquot of tumor tissue was homogenized with
2 vol (vol/wt) 10 mMpotassium phosphate, pH 7.5, using a Dounce
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homogenizer. After two centrifuge wash cycles (30,000 g at 4TC for 30
min), membrane pellets were solubilized, dialyzed, and analyzed for
folate binding, as described above.

Formal analysis of a relationship between cell
proliferation and FR expression
A total of 36 randomly picked, single cell-derived clones from the
cohorts of untransduced and transduced cells (6 from untransduced cells,
15 from sense cells, and 15 from antisense cells) were used to determine
if there was a relationship between cell proliferation and FR expression.
Aliquots of 2 x 105 cells (in triplicate) from each clone were plated
in 100 x 20-mm plates and fed with 10 ml MEMcontaining 10% FCS.
After 7 d in culture, the cells were harvested and counted, and total
cellular [3H ] PteGlu binding to solubilized FRs was also determined, as
described above.

Other studies. The concentrations of unlabeled PteGlu, DNA, and
RNAwere estimated by spectrophotometry (36, 46). Specific [3H]-
PteGlu binding to intact cells was defined as the difference between
total and nonspecific [3H]PteGlu binding (42). Because nonspecific
radioligand binding to FR cDNA-transduced and untransduced HeLa-
IU1 cells was < 5% and recovery of applied radioactivity after gel
filtration was consistently - 90%, the peak of radioligand-bound hy-
drophobic FRs among different cells expressed as a function of cell
number and protein was directly comparable among cohorts of cells.
Because FRs have a 1:1 molar stoichiometry for folate binding (4, 47),
the moles of folate bound per milligram of protein represented the moles
of FR per milligram of protein. Statistical analysis (see Table I and
Figs. 5-7) was carried out using the Student's t test. The data on the
relationship between cell proliferation and FR expression for all three
cohorts of cells were analyzed by linear regression, and Pearson's corre-
lation coefficient was determined as described (48).

Results

Integration of (r)AAV containing sense/antisense FR cDNAs
in HeLa-IU, cells. After transduction and selection of G418-
resistant cells, integration of (r)AAV into genomic DNAwas
analyzed by Southern blots. When DNA from untransduced
cells, sense FR cDNA-transduced cells (referred to as sense
cells), and antisense FR cDNA-transduced cells (referred to
as antisense cells) was hybridized with 32P-labeled neoR DNA
(Fig. 2 A), signals > 23 kb were observed for undigested DNA
from both sense and antisense cells; no signals were noted in
the untransduced cells. After digestion with PstI and hybridiza-
tion with 32P-labeled FRcDNA(Fig. 2 B), sense cells contained
an additional 0.9-kb band, whereas antisense cells contained a
2.1-kb band that overlapped with one among several endoge-
nous FR gene signals (49). These data signified that both neoR
and FR cDNA integrated into genomic DNA.

To analyze the pattern of integration of (r)AAV, the follow-
ing studies were performed: (a) Based on the restriction map
of (r)AAV (Fig. 3 G), HindHl has one cleavage site in pBARS
and pAnti-BARS. Thus, if (r)AAV integrated site-specifically,
after digestion with HindIlI, we ought to have obtained only
one additional hybridization signal for the FR gene, and a single
signal for neoR in transduced cells when 32P-labeled FR cDNA
or 32P-labeled neoR DNAwere used. However, Southern analy-
sis indicated that when compared with untransduced cells, geno-
mic DNA from both sense and antisense cells contained no
additional FR signals; no signals were also observed with the
neoR DNAprobe (data not shown). One possible explanation
for these results could be that unique hybridization signals did
in fact exist, but because of random integration of our (r)AAV
into the genome of several transduced cells, such signals would

A B
1 2 3 1 2 3

23-

2A

Figure 2. Southern analysis of
genomic DNAfrom untrans-
duced, sense FR cDNA-trans-
duced, and antisense FR
cDNA-transduced HeLa-IU1
cells. Undigested DNAwas
hybridized with (A) 32P-neoR
DNAor (B) PstI-digested
DNAhybridized with 32P-FR
cDNA. Lane 1, DNAfrom un-

2.1 transduced cells; lane 2, DNA
from sense FR cDNA-trans-
duced cells; lane 3, DNAfrom
antisense FR cDNA-trans-

0* duced cells. The migration of
known Mr markers are shown
on the left, and the fragment
size of the introduced genes
are indicated on the right.

be significantly diluted and therefore not be visualized on South-
ern blots. To analyze this possibility, we obtained single cell-
derived clones from transduced sense and antisense cells. South-
ern analysis of genomic DNAfrom several clones, each individ-
ually restricted with HindIH and probed with 32P-labeled FR
cDNA (Fig. 3 A) revealed additional different sized hybridiza-
tion signals that were distinct from the endogenous FR gene
signals. In addition, with 32P-labeled neoR DNA, distinct signals
appeared among different single cell-derived clones (Fig. 3
B), consistent with random integration of transduced (r)AAV.

(b) Based on restriction maps of (r)AAV, PstI has five sites
for cleavage in pBARS and pAnti-BARS; only one site for
cleavage was not common (Fig. 3 G). Thus, if integration of
(r)AAV was site specific, after cleavage with PstI and use of
32P-labeled neoR, there would only be three signals for either
sense cells (0.9 and 1.2 kb, and another of unknown size) or
antisense cells (0.9 and 2.1 kb, and another of unknown size).
However, with 32P-labeled neoR DNA(Fig. 3 C), we obtained
only two clear bands that in sense cells were 0.9 and 1.2 kb
and in antisense cells were 0.9 and 2.1 kb. Thus, in both sense
and antisense cells, the missing signal was likely related to that
portion of the neoR gene that was between the integrated virion
DNAand the next expected PstI site in the genome. Again, the
lack of detection of the flanking sequence could be a function of
dilution of each of the flanking DNAsequences from individual
transduced cells, which would not be the same size under condi-
tions of random integration of (r)AAV (i.e., these signals would
be too weak to be detected). In fact, when films were exposed
for 2 and 3 d (Fig. 3, D and E), there were several additional
weak bands visualized for both sense and antisense cells when
compared with untransduced cells. The sizes of these signals
were 1.5 to 4.5 kb, suggesting that our (r)AAV integrated
randomly into HeLa-IU1 cells.

c) wt-AAV integrates site specifically into chromosome 19,
and a 300-bp right flanking DNAfragment (rff-DNA) corre-
sponding to the region of integration has been cloned out of
Detroit 6 cells (18). rff-DNA contains a PstI site; thus, when
genomic DNAfrom untransduced cells was analyzed after PstI
digestion, two distinct hybridization signals should have been
obtained. If the locus of integration of (r)AAV was within the
region adjacent to rff-DNA, we expected a disruption of this
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Figure 3. Pattern of (r)AAV integration. (A and B) DNAfrom single
cell-derived clones was digested with HindIII and hybridized with (A)
32P-FR cDNA and (B) neoRDNA. Lane I and lane 8, untransduced
cells; lanes 2-4, sense cells; and lanes 5-7, antisense cells. (C-F)
DNAfrom untransduced cells (lane 1), sense cells (lane 2), and anti-
sense cells (lane 3) was digested with PstI, hybridized with 32P-neoR
DNA, and exposed to Kodak x-Omat-RP film for (C) 1 d, (D) 2 d,
and (E) 3 d. (F) After stripping, the membrane was rehybridized with
32P-rff-DNA. (G) Restriction map of RVS-BARSand RVS-Anti-
BARSprovirus (between ITRs) and the location of 1.1-kb FR cDNA
probe and 2.4 kb neoR DNAprobe (straight lines below the map). H,
HindIll; P, PstI.

region to manifest itself as a signal that was larger or smaller
than signals from untransduced cells. The results on blots
probed with 32P-labeled rff-DNA revealed only two signals in
PstI-digested DNA from untransduced, sense, and antisense
cells (Fig. 3 F). This suggested that (a) there was only one
DNAregion corresponding to rff-DNA in our cells, consistent
with karyotypic analysis of HeLa-IU, cells that identified only
two copies of chromosome 19; and (b) this region was not
disrupted during integration of (r)AAV, consistent with the
conclusion that the locations of integration of (r)AAV and wt-
AAV were not the same. In support of this premise, when
Southern blots in Fig. 3, A and B, were re-probed with 32p_

P S P S P S P S P S PS

(-) GPI-PLC (+) GPI-PLC

Figure 4. Northern blot analysis of FR expression and analysis of GPI
anchoring of FRs in untransduced and transduced cells. (a-d) RNA
from untransduced (lane 1), sense FR cDNA-transduced (lane 2), and
antisense FRcDNA-transduced (lane 3) HeLa-IU, cells was hybridized
with 32P-labeled probes as follows: (a) neoR DNA, (b) FR DNA, (c)
single-stranded antisense FR RNA, or (d) fl-actin DNAprobes. 10 ,ug
total RNAfrom each cell line was separated on 1%agarose-6% formal-
dehyde gel, transferred to nylon membranes, and probed with 32P-DNA
or 32P-RNA. (e) [35S I Cysteine-labeled total cellular proteins ( 120 jig)
from untransduced, sense, and antisense cells that sequestered into the
cloud point of Triton X-1 14 by virtue of their hydrophobicity were
incubated without (lanes 1-6) or with (lanes 7-12) GPI-PLC. After
temperature-induced phase separation, the resulting aqueous phase con-
taining GPI-PLC-generated hydrophilic 35S-labeled FRs and micellar
phase containing GPI-PLC-resistant 35S-labeled FRs were specifically
immunoprecipitated with anti-PFR antiserum and IgGsorb, and the sam-
ples were analyzed by SDS-PAGEand fluorography. P, pellet (deter-
gent-rich phase); S, supernatant (detergent-poor phase).

labeled rff-DNA, each single cell-derived clone had a single
- 6.5-kb signal corresponding to the rff-DNA as noted with

untransduced cells (data not shown). Thus, the rff-DNA-re-
lated DNA region was not disrupted in single cell-derived
clones. Together, these data strongly suggested that AAVITRs
alone could not direct site-specific integration of (r)AAV.

Modulation of FR expression at the mRNAlevel in trans-
duced cells. Northern blot analysis was carried out to determine
if integration was followed by transcription of exogenously in-
troduced genes (Fig. 4, a-d). RNAfrom untransduced cells
had the expected FR signal but no neoR signal, whereas sense
and antisense cells had both neoR and FRmRNAsignals. When
relative intensities of the FR mRNAsignals from untransduced
cells were quantitatively compared with corresponding ,6-actin
signals by densitometry, the intensity of the FR mRNAsignal
as a percentage of the /-actin mRNAsignal was 108%, whereas
sense cells gave a FR/P-actin ratio of 129% and antisense
cells gave a ratio of 52%. When normalized to the value for
untransduced cells, sense cells had a 19% increase of net FR
mRNA, whereas the antisense cells reduced net FR mRNAby
48%. Because the probe used for evaluation of FR mRNAwas
double-stranded FR cDNA, the signal obtained from antisense
cells could be a result of hybridization of the antisense tran-
scribed mRNAstrand with the sense strand of FR cDNA. To
determine the endogenous level of sense FR mRNAin these
cells, the blots were rehybridized with single-stranded sense
and antisense FR RNAprobes. The antisense FR RNAprobe
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Table L Results of [3H]PteGlu-binding Assays to Total Solubilized
FRs and Cell Surface FRs as well as Quantitation of FRs by
FACSAnalysis on Untransduced, Sense FR cDNA-, and Antisense
FR cDNA-Transduced HeLa-lU, Cells

Total cell Cell surface FR FACS analysis
FR binding binding (mean surface

Cell line (pmollmg) (fmoll05 cells) fluorescence)*

Untransduced cells 31.0 37.6±0.7 SEM 194±12 SEM
Sense FR cDNA- 57.0 61.3±3.6 SEM 224±11 SEM

transduced cells (163%)t (1 16%)§
Antisense FR cDNA- 36.0 31.4±0.6 SEM 141±12 SEM

transduced cells (84%)* (73%)§

* Mean fluorescence of positive events calculated on a linear scale.
* Percentage of control (FR-specific fluorescence) in untransduced cells.
§ Percentage of control ([3H]PteGlu-binding) in untransduced cells.

(Fig. 4 c) identified that endogenous FRexpression in antisense
cells was comparably reduced to that revealed with the double-
stranded FR cDNA probe (Fig. 4 b). However, despite use of
the single-stranded sense FR RNA probe, RNase protection,
and primer extension assays, we did not detect antisense RNA
(data not shown). This suggested that expressed antisense FR
mRNAwas completely quenched by constitutively overex-
pressed endogenous sense FR mRNA, likely leading to rapid
degradation of sense-antisense mRNAhybrids (50-52). Never-
theless, when taken together, these data supported the conclu-
sion that transcribed antisense FRcDNAwas functional in sup-
pressing the endogenous FR gene expression at the transcrip-
tional level, while transcribed sense FR cDNA augmented net
sense FR mRNAexpression.

Analysis of FRs in untransduced, sense, and antisense
HeLa-1U, cells. To determine whether the FRs in these cells
were GPI anchored, the strategy used was to first biosyntheti-
cally label all cellular proteins (including FRs) with [35S] -
cysteine and then to treat the samples with GPI-PLC in the
presence of nonspecific proteinase and FR-directed metallopro-
tease inhibitors.3 Wereasoned that if 35S-labeled FRs were GPI
anchored, they would initially sequester into the micellar phase
at the cloud point of Triton X-1 14. However, after incubation
with GPI-PLC, these species would be released into the aqueous
phase after temperature-induced phase separation. This could
be monitored by determining the extent of immunoprecipitation
of 35S-labeled FRs from the aqueous and micellar phases using
anti-PFR antiserum. Thus, if some 35S-labeled FRs were not
GPI anchored, they would continue to remain within the micel-
lar phase even after incubation with GPI-PLC. As shown in
Fig. 4 e, before GPI-PLC, 35S-labeled FRs entirely sequestered
in the micellar phase (lanes 1, 3, and 5), consistent with their
intrinsic hydrophobic nature. However, following GPI-PLC, all
of the 35S-labeled FRs from untransduced and antisense cells
and 94% from sense cells were released into the aqueous phase
as hydrophilic species (lanes 8, 10, and 12). These data were
consistent with the conclusion that the FRs in these cells were
GPI anchored. In addition, as verified by folate-binding studies
in vitro and in vivo (Table I and Figs. 7 and 8), the total cellular
35S-labeled FRs in sense cells were significantly increased when
compared with antisense cells, which contained more 35S-la-
beled FRs than untransduced cells.

The results of specific [3H] PteGlu-binding to the cell sur-

face membrane-associated FRs and total cellular FRs are
shown in Table I. Sense cells had an increase in cell surface
folate binding of 63%, whereas antisense cells had a decreased
cell surface folate binding of 16%, when each was compared
with untransduced cells. However, because sense and antisense
cells were also internal controls for one another, the twofold
difference in the ratio of the cell surface [3H] PteGlu binding
in sense versus antisense cells was much more obvious. Further-
more, [3H]PteGlu binding to total FRs from solubilized cells
revealed a proportional increase in sense cells when compared
with untransduced and antisense cells. However, the slight in-
crease of total FR content in antisense cells (compared with
untransduced cells) was probably related to posttranslational
regulatory changes (see Discussion). When the ratio of total
FRs between sense and antisense cells was determined, the 1.6-
fold difference was also comparable and consistent with data
on FRexpression on cell surfaces. There were only minor differ-
ences in the dissociation constant of FRs in intact untransduced,
sense, and antisense cells (Kd = 0.85 nM, 0.35 nM, and 1.35
nM, respectively). Thus, changes in folate binding capacity in
various cells likely reflected true differences in FR expression.

To verify further that changes in PteGlu binding to FRs on
transduced cells was not the result of an alteration in affinity
of FRs, FR expression was quantitated by FACSusing an anti-
human placental FR MAb. When compared with untransduced
cells (Table I), sense cells had increased expression of FRs
(mean fluorescence intensity of 116%), while antisense cells
had decreased FR expression (mean fluorescence intensity of
73%). When the ratio of mean surface fluorescence between
sense and antisense cells was compared directly, there was a
1.6-fold increase in FR expression in sense cells, which was
comparable with the data on folate binding to FRs.

Functional consequences of FRexpression on cell prolifera-
tion in vitro and in vivo. The quantity of FRs expressed is
inversely regulated by the extra- and intracellular folate concen-
trations ( 11). Therefore, to isolate and resolve the independent
effects of FRs on cell proliferation, we determined the doubling
time of sense and antisense cells under conditions where the
potential regulatory variable of extra- and intracellular folate
content on FRs was eliminated. This was achieved using supra-
pharmacologic extracellular folate concentrations (2.3 MMfolic
acid) in the growth medium, which ensured passive diffusion
of folate into cells independent of FR expression (53).

When 500 cells were plated and the colonies enumerated 1
wk later, untransduced, sense, and antisense cells had 172±13,
184±14, and 189±9 colonies/dish, respectively (Fig. 5). Thus,
the cloning efficiency, and therefore the viability of each of the
cell lines, was not significantly different from one another, a
fact that is importance to the interpretation of results on the
doubling time of these cells (see below). The mean diameters
of colonies from untransduced, sense, and antisense cells were
0.519+0.16 mm, 0.393±0.108 mm, and 0.524±0.158 mm, re-
spectively. Thus, sense cell colonies were significantly smaller
(P < 0.001) when compared with untransduced or antisense
cells, which were similar to one another.

There was apparently no major difference in cell prolifera-
tion when the transduced cell lines were propagated in MEM
with 10% FCS for periods of < 3 d. However, when the time
of cell passage in culture was extended beyond 6 d (Fig. 6 A)
or the concentration of FCS in MEMwas decreased from 10
to 2% (Fig. 6 B), sense cells proliferated more slowly (P
< 0.01) when compared with either untransduced cells or anti-
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Figure 5. Cloning efficiency, col-
ony size, and light microscopic
analysis of (A and B) untrans-
duced, (C and D) sense FR
cDNA-transduced, and (E and F)
antisense FR cDNA-transduced
cells. A total of 500 cells from
each cell line were plated, and col-
ony number and size were enu-
merated 1 wk later as described in
Methods. The original micro-
scopic magnification for the pan-
els on the right was xlO.

sense cells, which had similar proliferative rates to one another.
Cell counts per dish were also verified by measurement of the
total protein content per dish. On day 6, the protein content of
sense cells was lowest (Fig. 6 A, inset) when compared with
either antisense cells or untransduced cells (P < 0.01), indicat-
ing good correlation of cell numbers per dish with protein con-
tent per dish. The cell doubling time for each cell line in 10
and 2% FCS was as follows: sense cells, 20.9 and 24.3 h,
respectively; untransduced cells, 19.9 and 22.2 h, respectively;
and antisense cells, 19.7 and 22.7 h, respectively. Thus, when
compared with untransduced and antisense cells, the doubling

time of sense cells was prolonged by 1 and 2 h in 10 and 2%
FCS, respectively.

One explanation for alteration in the proliferation of sense
cells could be insertional mutagenesis during random integra-
tion of (r)AAV into HeLa-IU1 cells. This could be ruled out if
single cell-derived clones from sense and antisense cells be-
haved similar to mixtures of transduced cells. Whenthree single
cell-derived clones were randomly chosen and analyzed for
total folate binding capacity, all three sense cell lines exhibited
a twofold increase in radioligand binding when compared with
three antisense cell lines (data not shown). When compared
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Figure 6. Proliferation of
sense cells, antisense
cells, and untransduced
cells in MEMcontaining
2.3 ,uM folic acid. (A)
Cells cultured in 10%
FCS (sense cells: o,
cross-hatched bars; anti-
sense cells: A, solid bars;
untransduced cells: o,
open bars). Inset: Deter-
mination of total protein
per dish as an index of
cell proliferation on day
6. (B) Cells cultured in
2%FCS (same symbols
as in A). (C) Prolifera-
tion of individual single
clone-derived cells from
three individual single
clone-derived cell lines
from either sense FR
cDNA-transduced
(closed symbols) or anti-
sense FR cDNA-trans-
duced cells (open sym-

bols). x, untransduced
HeLa-IU1 cells. Asterisk
indicates P < 0.01 for
sense cells when com-

pared with antisense and
untransduced cells. Each
data point represents the
mean±SD of experi-
ments in triplicate.

with untransduced cells, all three single cell-derived clones
from sense cells had comparably slower rates of proliferation,
while the three single cell-derived clones from antisense cells
were similar to the untransduced cells (Fig. 6 C). Thus, inser-
tional mutation was an unlikely explanation for altered prolifer-
ation of sense cells.

To verify that in vitro data were not simply a unique function
of cell culture conditions, the same number of randomly chosen,
single cell clone-derived cells from each cohort were trans-
planted into nude mice (4 mice/cell line). After 1 wk, all mice
exhibited single visible tumors. The sizes of the antisense cell-
derived tumors were similar to those from untransduced cell-
derived tumors throughout the period of analysis (Fig. 7). From
day 11, however, when compared with the tumors derived from
antisense cells, the tumors from sense cells were smaller (P
< 0.01). In addition, antisense cell- and untransduced cell-
derived tumors exhibited a tumor doubling time of 96.0 h,
whereas this value was 225.6 h in sense cell-derived tumors.
The pictures (Fig. 7, right) are of representative mice on day
25 after transplantation with various cells indicated. The small
tumor masses derived from sense cells clearly contrast with the
larger tumors from antisense and untransduced cells. Histopath-
ologic analysis revealed no gross cellular changes in tumors
from all three cell lines, and there was no evidence of remote
or recent hemorrhage within tumors (which could account for
a greater tumor volume during external tumor measurements in

vivo). In addition, examination of major internal organs (lungs,
heart, liver, spleen, kidney, and intestines) revealed no metasta-
ses that could account for reduced tumor cell mass at the primary
injection site. Therefore, the increase in tumor volume and
weight in untransduced and antisense cells when compared with
sense cells was a result of a true increase in cells within the
tumors. Thus, the prolonged cell doubling time identified in
vitro in sense cells also led to a 2.4-fold increase in tumor
doubling time in vivo when compared with antisense and un-
transduced cell-derived tumors.

To verify that the transplanted cells continued to express
FRs, the folate-binding capacity of FRs solubilized out of tumor
tissues was determined. On day 25, folate-binding capacity of
sense, antisense, and untransduced cell-derived tumor tissue
was 83.10±18.44, 40.46±14.85, and 13.87±2.66 pmol/mg pro-
tein, respectively. The difference between sense versus untrans-
duced or antisense cell-derived tissues was significant (P
< 0.01 and P < 0.05, respectively). The results of antisense
cell-derived tissues compared with untransduced cells was also
significant (P < 0.05), which together with the twofold increase
in FRs in sense versus antisense cells was comparable with that
determined in vitro (Table I and Fig. 4, e).

Formal analysis of the relationship between cell prolifera-
tion and FR expression. A total of 36 cell lines derived from
single cell clones (6 from untransduced cells, 15 from sense
cells, and 15 from antisense cells) were used to test the hypothe-
sis that there was an inverse relationship between cell prolifera-
tion and FR expression (Fig. 8). Not unexpectedly, all six
untransduced cell clones exhibited comparable cell proliferation
and FR expression (P = NS). However, when the data points
from sense FR cDNA- and antisense FR cDNA-transduced
cells were combined, there was a highly significant inverse
relationship between cell proliferation and FR expression (r
= 0.90, P < 0.001, n = 30). When the data points from sense
cells were combined with those from untransduced cells, the
correlation coefficient also indicated a significant value (r
= 0.82, P < 0.001, n = 21); even with the data comparing
antisense and untransduced cells, an r value of 0.52 (P < 0.05,
n = 21) was obtained. Finally, when data from all 36 cell lines
were combined, the overall correlation coefficient value was
still highly significant (r = 0.85, P < 0.001). Thus, when
viewed from several angles, these data consistently led to the
unambiguous conclusion that there was an inverse relationship
between FR expression and cell proliferation in these cells.

Discussion

Integration of (r)AAV. Since our (r)AAV only retained ITRs
of wt-AAV, we determined if they would direct site-specific
integration. The results suggested random integration of
(r)AAV into the genome of HeLa-IU1 cells at the molecular
level based on gene mapping (by Southern analysis). Although
chromosome-specific integration implies a region in genomic
DNA(consisting of several kilobases) wherein AAVcan dock
into one of several available sites (19, 20), signals generated
by 32P-labeled rff-DNA suggested that docking sites for integra-
tion of (r)AAV were not the same as wt-AAV. A trivial expla-
nation for random integration (related to lack of chromosome
19 in our cells) was ruled out by results of hybridization with
chromosome 19-specific rff-DNA probe and karyotype analy-
sis. Thus, compared with earlier reports supporting site-specific
integration of wt-AAV (17-20), our data suggested that ITRs

AAV-mediated Gene Transfer of Folate Receptors 1543

20 -

16 -

12-

8-

4-

0
w

UAm
z

-J
w

0

m

z
-J

u)

4

I-

0
I-

In'

z

T-

J

u1

w
LU

I-

LJ

0

I--



IN~
(U h)

(226 h)

Figure 7. (Left) Proliferation of
sense FR cDNA- and antisense
FR cDNA-transduced and un-
transduced HeLa-IU1 cells trans-
planted in vivo in nude mice. 1.5
x IO' cells of each cell line were
transplanted and tumor volumes
were estimated as a function of
time after transplantation. Aster-
isks indicate P < 0.01 for sense
FR cDNA-transduced cells
when compared with antisense
FR cDNA and untransduced
cells. The tumor doubling times
are indicated in parentheses.
Each data point represents the
mean±SD. (Right) Tumors in
representative mice on day 25
after transplantation with equal
numbers of cells from the vari-
ous lines indicated.

alone are insufficient to direct site-specific integration of
(r)AAV in HeLa-IU1 cells. This could be because there are

some unique DNAsequences in wt-AAV that are required for
site-specific integration of AAV. Therefore, use of several com-

binations of (r)AAV, which retain various structural or func-
tional DNAsequences of the wt-AAV genome, are necessary

to pursue this issue. Another possibility to explain these differ-
ences is related to the number of passages of cell lines after
transduction. In earlier studies ( 18-21 ), cell lines were cultured
for a long time (measured in years) after transduction with
AAVbefore analysis for the pattern of integration; in contrast,
we analyzed our G-418-resistant clones less than 10 mo after
transduction, and in some experiments, the analysis was carried
out in 2 mo. Thus, it is possible that over long periods in culture,
some cell clones containing random integrated virions were lost,
leading to a selection bias to explain those observations.

Expression and regulation of FRs. Several lines of evidence
allowed for a direct comparison of the effects of sense and
antisense FR cDNA transduction in HeLa-1U1 cells: (i) The
HeLa-IU1 cells used for transduction were clonally derived. (ii)
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Figure 8. Determination of the relationship between cell proliferation
and FR expression. A total of 36 randomly isolated, single cell clone-
derived cell lines, 15 from sense FR cDNA-transduced cells (.), 15
from antisense FR cDNA-transduced cells (A), and 6 from untrans-
duced control cells (A) were analyzed for cell proliferation and FR
expression, as described in Methods.

Sense FR cDNAand antisense FR cDNAwere only distinct in
the orientation of FR cDNA within (r)AAV. (iii) Integration
of the sense and antisense FR cDNA-bearing RVS into the
genome of HeLa-IU1 cells was verified by restriction of genomic
DNAand probing with 32P-labeled neoR and 32P-labeled FR
cDNA. (iv) The demonstration that the integrated sense and
antisense FR cDNAs were able to increase and reduce expres-

sion of endogenous FR RNAtranscripts, respectively, was evi-
dence of functional expression of the integrated genes. (v) The
changes of over- and underexpression of FR mRNAin sense

and antisense cells, respectively, were reflected by proportionate
changes in cell surface FR expression as measured by folate
binding to intact cells at a temperature that prevents internaliza-
tion of FRs in these cells (30, 41). Moreover, FACS analysis
confirmed the likelihood that the changes in folate binding were

a result of a net quantitative change in cell surface FRs in sense

and antisense cells.
The total cellular FR content in sense or antisense cells was

also altered proportional to the changes reflected in the FR
mRNAand cell surface protein levels. The relative lack of effect
with the antisense FR cDNAcompared with untransduced cells
suggests that the observed changes on the cell surface FR con-

tent in antisense cells are accompanied by a coincident perturba-
tion of intracellular FR metabolism. Because net synthesis was

primarily perturbed at the RNAlevel, these data therefore sug-

gest that degradative pathways of FRs may be concomitantly
altered (decreased in antisense cells?) following integration.
Preliminary studies 3 looking for alterations in the basal metabo-
lism of FRs after transduction with antisense FR cDNAappear

to support such a hypothesis. Furthermore, although there was

no difference in folate binding for untransduced and antisense
cells with time, the folate binding of sense cells increased ap-

proximately twofold more (Fig. 8) when compared with earlier
data (Table I) (the interval between the performance of studies
leading to the data in Table I and Fig. 8 was - 2 yr). Wedo
not yet have an explanation for these results, but studies on

potential changes in the metabolism of FRs in these cells are

ongoing.3
Functional consequences of alteration of FRs. Despite the

relatively weak expression of the transduced sense/antisense

1544 Sun et al.

14

12 -

E
e 10-
I-z
a

l -

0

'U

a 4-

2-

8 11 13 15 17 19 21 23 25
DAYSAFTERTRANSPLANTATION



FR cDNAs, sense cells had an increase in doubling time and a
reduction in overall cell proliferation in vitro. Because the po-
tential variable of changes in cellular folate arising from altered
cellular FR content was eliminated by cell culture in high extra-
cellular folate concentrations, this ensured equivalent delivery
of folate into all cohorts of cells used (11, 53). Thus, the
observed proliferative differences were likely the result of inde-
pendent effects of FRs and not a function of alterations in
transmembrane folate delivery or intracellular folate content.
Extension of these studies to nude mice also confirmed that the
subtle alteration in cell doubling time and proliferation identi-
fied in vitro for sense cells was also reflected in reduced tumor
volumes and greater than twofold prolongation of tumor dou-
bling time when compared with either antisense and untrans-
duced cells. Because the total solubilized FR contents of the
cell lines analyzed in vitro were comparable with those removed
from the tumors in vivo, these data served to rule out the possi-
bility that transplantation led to alterations in cellular folate
content to account for these findings. Moreover, because net
FR content in sense cell tumors was twofold greater than that
in antisense tumors, sense tumors would have accumulated more
folate than antisense and untransduced tumors; thus, it was not
possible to attribute the effects of reduced proliferation in vivo
to folate deficiency in sense cells.

A not infrequent finding in biology is that data obtained
in vitro often cannot be reproduced in vivo. In this light, the
impressive prolongation of doubling time in vivo compared
with tissue culture data (prolongation of doubling time from 96
to 226 h in vivo versus an increase in doubling time of 1 to 2
h in vitro) appeared almost incongruous and paradoxical. One
possible explanation is that cells bathed in tissue culture media
containing FCS are exposed to high concentrations of growth
factors that are not normally present in vivo. Therefore, poten-
tially subtle changes in cell proliferation among sense and anti-
sense cells would not be detected until the concentration of
growth factors in the tissue culture media decreased; this was
indeed the case when growth conditions were switched from
10 to 2%FCS. Likewise, when propagated in vivo, these cells
would not be exposed to high concentrations of growth factors
as found in 10% FCS; this could have led to a further accentua-
tion of differences in doubling time when compared with prolif-
eration in vitro. Another explanation could be that single cell-
derived clones were used for in vivo studies, whereas mixtures
of transduced cells within each cohort (of sense, antisense, and
untransduced cells) were used for most of the in vitro studies.
In fact, if each of the cohorts of sense, antisense, and untrans-
duced cells were composed of a heterogeneous mixture of cells
expressing varying amounts of FRs, and if there was an unam-
biguous inverse relationship between FR expression and cell
proliferation, the in vitro data on cell proliferation would actu-
ally represent a significant underestimation, especially for sense
cells. This is because the net results would primarily reflect the
kinetics of the fastest proliferating (but relatively lower FR
expressing) cells. Therefore, it was possible that a relationship
between FR expression and cell proliferation could be strength-
ened if the pooled data from several randomly chosen, single
cell-derived clones from sense and antisense cells could with-
stand such analysis.

The fact that there was little difference in FR expression
and cell proliferation between different single cell-derived
clones of untransduced cells highlighted the importance of our
method of transduction of FR cDNAas a means of modulating

FR expression in these cells. More importantly, however, the
data from randomly chosen single cell clone-derived cells
transduced with sense and antisense FR cDNA supported the
conclusion that there was an inverse relationship between FR
expression and cell proliferation in these cells.

Because folate deficiency leads to megaloblastosis and pre-
mature cell death (1) and folate per se allows cells to proceed
into the proliferative phase of the cell cycle, the higher folate
content in sense cells in vivo should have been permissive for
cell proliferation; however, the opposite finding was observed.
This is apparently paradoxical, because a protein (i.e., FR)
responsible for delivery of folates intracellularly (a growth-
promoting function) appeared somehow to reduce overall cell
proliferation. Because antisense cells had proliferative rates that
were not significantly different from untransduced cells, the in
vitro and in vivo data incriminate a folate-independent function
of FRs in altering the cell doubling time of sense cells. A
precedent for such findings can be found in our previous studies
with primary hematopoietic progenitors, where anti-FR antibod-
ies induced megaloblastosis and intracellular folate deficiency
(5, 6) when incubated throughout culture. However, short-term
interaction of anti-FR IgG with FR on these cells also led to
a stimulation of cell proliferation (5, 6). Thus, although the
mechanisms underlying these earlier observations still remain
unclear, it is of interest that we have found that FRs clearly have
a role in constitutive control of cell proliferation independent of
their role in mediating cellular folate uptake in hematopoietic
and malignant cells.

Howcan overexpression of FRs influence cell proliferation?
Although speculative, we can consider some possibilities: (i)
Modulation of the quantity and distribution of intracellular fo-
lates by excess FRs (present in membranes lining intracellular
organelles; reference 29) that can bind various folates (47)
could have some influence in signaling changes in proliferation.
However, because micromolar concentrations of folic acid in
the growth media ensured its passive diffusion into these cells
(53), the difference in distribution of folates would not be likely
to be dependent on FR expression in sense versus antisense and
untransduced cells. (ii) A large body of evidence implicates
plasmalemmal caveolae (which are rich in GPI-anchored pro-
teins) as the membrane locus where several molecules relevant
to signal transduction are enriched (for review see reference
54). Although stimulatory signals have been primarily identi-
fied, the possibility that inhibitory signals can also be generated
from caveolae that are rich in FRs (3) has not been entirely
excluded; thus, FR overexpression in sense cells may be associ-
ated with such signals. (iii) Recent studies on our transduced
cells indicate a consistent and biologically significant alteration
in nucleoside diphosphate kinases and thymidine kinase in sense
versus antisense cells.2 Therefore, it is possible that changes in
intracellular nucleotides or the state of phosphorylation of pro-
teins involved in the cell cycle could be modulated by similar
changes that alter cellular kinases.

For malignant cells that constitutively overexpress FRs and
can inversely regulate FRs in response to extracellular folate
concentrations (4, 11, 29) (i.e., reduced cell proliferation with
up-regulation of FRs secondary to reduced extracellular folate
concentrations), the present data suggest a simple model where
these two apparently opposing (growth-promoting and growth-
inhibiting) functions of FRs could serve as a balance. In such
a hypothetical model, the up-regulated FRs in response to extra-
cellular folate deficiency could serve to check proliferation of
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cells by moving them into the resting phase of the cell cycle;
this could serve to blunt the folate requirements of the cells
during nutrient deficiency. Conversely, with nutrient (folate)
excess in the extracellular fluid, down-regulation of FRs could
concomitantly serve to release the normal inhibitory effects of
FRs on cell proliferation, thereby leading to a permissive state
for cell proliferation.

Although studies are underway to test the validity of this
model, we stress that this hypothesis may have limited applica-
tion for cells that exhibit reduced cell proliferation during FR
up-regulation; this is because previous reports with KB cells
(11, 55 ) failed to document changes in proliferation after adap-
tation to culture in low folate media. In contrast, during recent
studies on the kinetics of synthesis and degradation of FRs in
response to changes in the extracellular folate concentration
with HeLa-IUI cells,3 we have identified a 1.4-fold prolongation
of the doubling time following up-regulation of FRs in low
folate media (compared with cells cultured in high extracellular
folate concentrations). Whereas such data for HeLa-IU1 cells
are consistent with (but do not necessarily prove) the hypothesis
for an inverse relationship between cell proliferation and FR
expression, the earlier data with KB cells (11, 55) advises
caution against extending this hypothesis to all cells. Factors
that can explain differences in cell proliferation in response to
the extracellular folate concentration may be because (a) the
KB cells used earlier (11, 55) were actually a mixture of KB
plus HeLa cells (31, 32), whereas we used cloned cells that
had prominent HeLa cell (but no KB cell) markers; and (b)
the "KB" cells used earlier (11, 55) are probably not GPI
anchored based on biosynthetic labeling studies (56), whereas
our HeLa-IU, cells contain GPI-anchored FRs consistent with
an earlier report for the FRs of "KB" cells (57). Nevertheless,
if there was indeed an inverse relationship between FR expres-
sion and hematopoietic progenitor cell proliferation (in response
to a reduction in extracellular folate concentrations), this would
imply that the earlier observed increase in cell proliferation
following interaction of hematopoietic progenitor cells with
anti-FR antibodies (5, 6) may have been through neutralization
or reversal of the constitutive inhibition of cell proliferation
by FRs.

Together, the present studies and recent reports (58-60)
that exploit the FR-mediated endocytotic pathway for delivery
of folate conjugates (toxins or liposomes) into malignant cells
(which constitutively overexpress FR) suggest that sense cells
would proliferate more slowly and yet take up more folate
conjugates. Thus, it is possible that there may be a role for
direct injection of (r)AAV containing sense FR cDNA either
into similar malignant tumors or into various compartments
(such as the pleural, peritoneal, and meningeal spaces) con-
taining these cells, or even by topical application of (r)AAV
on diseased epithelial cells (of the skin or mucous membranes)
with the intent to effect a modulation of FR expression; subse-
quent therapy with antifolates or toxic folate conjugates could
increase cell kill of transduced cells.
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