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Effects of Fibronectin Fragments on DNA Transfection into
Mammalian Cells by Electroporation
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Two kinds of cells, human epidermoid carcinoma A431 cells and simian kidney COS-7
cells, were transfected with the chloramphenicol acetyl transferase (CAT) gene by electro-
poration, and then cultivated on culture dishes coated with two different forms of recom-
binant fibronectin fragments consisting of cell-binding domain (C-274) or heparin-binding
domain and CS1 region (H-296). In the case of A431 cells, H-296-coated dishes significantly
increased the amount of expressed CAT and the adhesion of electroporated cells in
comparison with non-coated dishes. C-274 was effective for COS-7 cells. Overall, these
fibronectin fragments increased the recovery of the transfectants on A-431 cells and COS-7
cells, respectively.
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A number of methods have been developed for the tran-
sient or stable transfection of mammalian cells with
exogenous DNA. The methods frequently used include the
use of calcium phosphate (J, 2), DEAE-dextran (3),
liposomes (4), electroporation (5), and micro-injection (6).
Electroporation is a method of gene transfer, which
involves a physical approach and requires special equip-
ment. However, the method has been widely applied to
mammalian (5, 7), bacterial (8, 9), and plant (10, 11) cells.
The method involves the exposure of cells to a pulsed
electric field which presumably creates pores in the plasma
membrane (12), and therefore the electric field pulse
affects cell viability (13). Mammalian cells recover rapidly
from electroporation (14). Cellular wounding has been
studied in detail, together with the cytosis of materials by
cells (15-17). On the other hand, fibronectin is a compo-
nent of the extracellular matrix and plays important roles
in wound healing of organs (18). We are interested in the
effects of fibronectin on wound healing and thus studied the
function of fibronectin in the repair of cell damage. Fi-
bronectin is a multifunctional glycoprotein which is abun-
dant in the extracellular matrix and plasma, and plays
important roles in cell-matrix interactions, including cell-
to-substrate adhesion (19, 20). At least two cell-adhesive
sites have been mapped on fibronectin polypeptides. One
site is located in the central cell-binding domain and
contains an Arg-Gly-Asp-Ser (RGDS) sequence as a cell-
adhesive core signal (21, 22). The other one is located
within the type Ill-connecting segment (HICS) and is
represented by a Glu-Ile-Leu-Asp-Val (EILDV) or shorter
Lue-Asp-Val (LDV) sequence as a minimal essential one
(23, 24). We constructed several recombinant plasmids
that expressed fragments of the cell-binding domain, the
heparin-binding domain, or both, with or without the CSl
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Abbreviations: CAT, chloramphenicol acetyl transferase; DMEM,
Dulbecco's modified essential medium; FCS, fetal calf serum; PBS,
phosphate-buffered saline.

sequence, in Escherichia coli, and analyzed the cell-
adhesive activity of these fragments (25). We attempted to
determine the cell-adhesive activity of these fragments and
tried to increase the viability of cells damaged by
electroporation, which resulted in the development of an
improved method giving high yields of transfectants.

The fibronectin fragments shown in Fig. 1 (C-274 and
H-296) were prepared according to the method described
previously (25). H-296 and C-274 possesses EILDV and
RGDS sequences as a cell-adhesive signal, respectively.
Furthermore, C-274 possesses a PHSRN sequence, which
has been identified as a synergy site that enhances the
cell-adhesive activity of the RGDS sequence of fibronectin
(26, 27). Three kinds of cells (mouse myeloma B16-F10,
human epidermoid carcinoma A-431, and simian kidney
COS-7 cells) were, respectively, cultivated in Dulbecco's
modified essential medium (DMEM) supplemented with
10% fetal calf serum (FCS).

The effects of these fibronectin fragments on the recov-
ery of cells damaged by an electric pulse were examined by
use of B16-F10 cells. Since the adhesion of the cells to the
fibronectin fragments had previously been analyzed in
detail (25), this cell line was suitable for our experiment.
Twenty-four well dishes were coated with 1 jxM fibronectin
fragments (500//I/well) at 4°C overnight. The treated
dishes were washed with 1 ml/well of FCS-free DMEM
before use. The detached B16-F10 cells were washed twice
with phosphate-buffered saline (PBS). The washed cells
were suspended in 1 ml of PBS, and then placed in a 0.4 cm
electroporation cuvette (Gene Pulser cuvette; BioRad
Laboratories, Richmond, CA). A pulse of 250 V and 960 piF
was delivered using a BioRad Gene Pulser (BioRad Labora-
tories) . After the pulse, the cell suspension was stood for 10
min on ice, and then added to 15 ml of DMEM containing
10% FCS. The cells were plated onto dishes coated with the
fibronectin fragments (1 ml/well) and then cultivated
under 5% CO2 at 37°C for 5 h. Then, the adhered cells were
fixed with 4% formaldehyde and photographed under a
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Fig. 1. Domain structure of fibronectin
and its relation to the recombinant fibro-
nectin fragments. The boxes represent type
III repeats and the CSl sequence of fibro-
nectin. The type III repeats are numbered as
described elsewhere (34). The location of the
RGDS sequence is indicated by an arrowhead.
The EILDV sequence is located in the CS-1
region (23, 24).

phase-contrast microscope. The cells adhered to the dishes
were counted as surviving cells. The number of cells that
adhered on H-296-coated dishes or C-274-coated dishes
was more than that on non-coated dishes (Exp. 1 in Table I).
These fragments were effective for increasing the cell
viability. Interestingly, the numbers of adhered cells were
in the order of H-296>C-274.

Cell viability decreased with increasing field strength
(28). This phenomenon would be due to the increase in
cell-damage caused by the electrical pulse. On the other
hand, B16-F10 cells adhere to both H-296 and C-274, and
the cell adhesion activity of H-296 is greater than that of
C-274 [ED50 value for cell adhesion on H-296 = 9.2nM,
and that on C-274 = 68 nM (25)]. Cell-recovery with H-296
was higher than that with C-274 (Exp. 1 in Table I). These
results suggest that cell adhesion could be important for
survival of damaged cells. Survival after plasma mem-
brane disruption, i.e., wound healing of cells, requires that
the cells have a rapid resealing mechanism (29). Electric
pulse-mediated cell damage, as shown in this study, would
be greater than plasma membrane disruption. Such cells
would not be able to survive when left unadhered for a long
time. In other words, cell adhesion in the early period on
cultivation after such damage is considered to be an impor-
tant factor for highly efficient recovery of the cells. Cell
adhesion in an environment similar to the extracellular
matrix would accelerate the healing of such damage to the
cells.

Considering the results described above, it was assumed
that the fibronectin fragments were involved in the DNA
transfer into the cells on electroporation. To test the
hypothesis that efficient recovery of cells damaged by an
electrical pulse is required for a high yield of DNA-trans-
fected cells, we investigated the transfection efficiencies of
two different cell lines with the fibronectin fragments. The
chloramphenicol acetyl transferase (CAT) gene was used as
a reporter gene in the present experiments. The CAT
expression plasmid, i.e., pCAT control vector (Promega,
Madison, WI), was prepared by CsCl-EtBr centrifugation
(30). Electroporation was performed in the same way
except that the detached cells were suspended in 1 ml of
PBS containing 15 /*g/ml of pCAT. After electroporation,
the cell suspension was stood for 10 min on ice, and then
added to 15 ml of DMEM containing 10% FCS, the cells
were plated onto a fibronectin fragment-coated dish (1 ml/
well) and then cultivated under 5% CO2 at 37°C overnight.
Then the medium in the culture was exchanged with fresh
medium, and the cells were further cultivated overnight for
use for the CAT assay. Determination of CAT was perform-
ed by means of an enzyme immunoassay (CAT-ELISA;
Boehringer Mannheim GmbH, Germany). As shown in

TABLE I. Effects of fibronectin fragments on cell adhesion and
DNA transfection.
Experi-
ment
Exp. 1

Exp. 2

Exp. 3

Exp. 4

Exp. 5

Cell

B16F10

A431

A431

COS-7

COS-7

Fragment

C-274
H-296
None
C-274
H-296
None
C-274
H-296
None
C-274
H-296
None
C-274
H-296
None

% Cell adhesion
mean ± SD

164.0±15.2'
233.1±31.81M
100.0+15.6

170.8±35.7'
280.8±45.5«
100.1±12.3
168.9±19.6«
141.7±22.0*
100.1±26.7

% DNA transfection
mean±SD

136.4±2.1*
321.2±41.7«
99.8±10.9

168.9±29.0*
132.6±13.1
100.1 ±16.4

The number of cells adhered on non-coated wells and the amount of
CAT expressed in cells on non-coated wells were set at 100%.
Differences between two groups were examined by Student's (-test.
'Significantly different from "none" group; p<0.01. 'Significantly
different from "none" group; 0.01<p<0.05. *Significantly different
from "C-274" group; p<0.01. * Significantly different from "H-296"
group; 0.01<p<0.05.

Table I, the fragments induced an increase in the amount of
CAT. A431 cells cultivated on H-296-coated dishes were
found to produce a larger amount of CAT than on C-274-
coated or non-coated dishes. H-296-coated dishes were
about threefold as effective as non-coated dishes (Exp. 2 in
Table I). Next, we investigated the adhesion of cells
damaged by an electrical pulse to these fragments. As
shown in Table I (Exp. 3), it was observed that H-296 more
strongly promoted the adhesion of wounded cells than
C-274.

More interestingly, in the case of COS-7 cells, the
efficiency of cell-adhesion on C-274-coated dishes was
higher than that on H-296-coated or non-coated dishes
(Exp. 4 in Table I). This might indicate that C-274 pro-
motes a higher yield of gene-transferred COS-7 cells than
H-296. C-274-coated dishes were found to produce a larger
amount of CAT than H296-coated or non-coated dishes
(Exp.5 in Table I). These results suggest that the difference
in transfection efficiency between A431 and COS-7 cells is
due to the difference in the number of adhered cells, i. e., the
viability of the cells. Although the profiles of cell-adhesion
and CAT differ between the two kinds of cells, these results
showed that the recovery of cells damaged by an electric
pulse is related to the yield of DNA-transfected cells.

Gene transfer by electroporation involves the exposure
of cells to a pulsed electric field, which presumably creates
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pores in the plasma membrane (12). Therefore, the trans-
formation frequency increases with increasing strength of
the electric field, but cell viability decreases with increasing
strength (28). The reason is that the electric field pulse
affects cell viability (13). Thus, in order to attain highly
efficient transfection of cells by electroporation, it is
rational to raise the cell viability of the electrically pulsed
cells. On the other hand, it has been reported that cells
damaged by electroporation recover rapidly (14). In the
present study, it was observed that the profile of gene
transfer efficiency was very similar to that of cell adhesion
(Exp. 2 and 3 on A431 cells, and Exp. 4 and 5 on COS-7 cells
in Table I). Cultivation of cells on a substrate precoated
with the fibronectin fragments enhanced the wound healing
of the damaged cells, causing the recovery of a part of the
population of the cells transfected with DNA which can not
survive on non-coated dishes due to the damage by elec-
troporation. It is an important factor that the damaged cells
efficiently recover in an early period on cultivation followed
by electroporation, because the population of transfectants
in this period would affect to transfection efficiency. The
same methodology will be applicable to other cell-adhesive
molecules, for example, collagen, laminin, vitronectin, etc.

Gene transfer by electroporation has been applied to
medical science, i.e., gene therapy (32, 32). Improvement
of electroporation for gene transfer would contribute to the
highly efficient transduction of an exogenous gene into
target cells. On the other hand, Hanenberg et al. (33)
showed that efficient retroviral-mediated gene transfer
into primitive hematopoietic progenitor and stem cells can
be achieved on recombinant fibronectin fragments contain-
ing type 11112-14 repeats in combination with the binding
site(s) for <x,/?i-integrin and/or as/Vintegrin without the
need for co-cultivation on the producer cell line. In this
study, we showed that fibronectin fragments should be
useful materials for gene transfer into mammalian cells not
only by means of a virus vector but also by electroporation.

The authors wish to thank Y. Uemori and H. Chono for the technical
assistance in preparation of the fibronectin fragments.
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