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Ad-FRNK and Ad-p53 Cooperate to Augment
Drug-induced Death of a Transformed Cell Line

LORI KORNBERG

Department of Otolaryngology, University of Florida, Gainesville, FL. 32610, U.S.A.

Abstract. Background: Transformed cells have abnormalities
in the survival pathways contributing to drug resistance. These
abnormalities include p53 mutations and increased focal
adhesion kinase (FAK) expression. Because FAK regulates cell
survival via p53-dependent and -independent pathways, it was
hypothesized that combined therapy using wild-type p53 and
an inhibitor of FAK (FRNK) would sensitize cells to
anticancer drugs. Materials and Methods: RPMI 2650 cells
were infected with recombinant adenoviruses causing
overexpression of p53 (Ad-p53) and FRNK (Ad-FRNK). Cell
viability and apoptosis were measured using in vitro assays,
whereas protein expression was determined by Western blotting.
Results: Co-infection of cells with Ad-p53 and Ad-FRNK
induced more cellular apoptosis than transfection with either
agent alone. Likewise, the co-transfection of cells with
Ad-FRNK and Ad-p53 improved the cytotoxic response to four
commonly used anticancer drugs relative to cells transfected
with Ad-FRNK alone, Ad-p53 alone, or the equivalent amount
of control adenovirus. This effect was associated with loss of
endogenous FAK protein.

Focal adhesion kinase (FAK) is a tyrosine kinase, which
serves as a point of convergence between extracellular
matrix- and growth factor- mediated signaling pathways
(reviewed in 1). FAK is overexpressed in several types of
human cancer of epithelial origin, including those derived
from the head and neck region (2-4), breast (5, 6), ovary (7),
colon (5, 6) prostate (8) and brain (9). Although FAK is not
an oncogene, studies using cultured cells demonstrated that
FAK regulates cell cycle progression, cell migration,
invasion and survival (reviewed in 1), whereas in vivo
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experiments suggested that FAK is involved in the early
stages of metastasis (10, 11). Thus, there is interest in
developing FAK inhibitors as anticancer drugs.

p53 is a tumor suppressor that regulates apoptosis or cell
cycle arrest in response to DNA- damaging agents. Many
human cancers lack functional p53, which contributes to drug
resistance. When transformed cells are transfected with
recombinant adenoviruses containing a wild-type p53
transgene (Ad-p53), they are sensitized to chemotherapeutic
agents regardless of whether they have endogenous mutant or
wild-type p53 (12). As such, Ad-p53 is being tested in clinical
trials (12).

Head and neck cancers (SCCHN) contain numerous
genetic abnormalities including p5S3 mutations and increased
FAK expression. Cell survival is regulated by pS3-dependent
and -independent mechanisms and FAK can be involved in
both processes (13). As such, transformed SCCHN cells,
genetically engineered to have both increased wild-type p53
expression and reduced FAK activity, were hypothesized to
be maximally sensitive to cytotoxic agents. Indeed, the
results indicated that co-transfection of the SCCHN cell
line, RPMI 2650, with Ad-p53 and Ad-FRNK induced more
apoptosis than transfection with either agent alone.
Moreover, co-transfection of RPMI 2650 cells with
Ad-FRNK and Ad-p53 improved the cytotoxic response to
four commonly used anticancer drugs relative to cells
transfected with Ad-FRNK alone or Ad-p53 alone.

Materials and Methods

Cells. The cells were obtained from the American Type Culture
Collection. The RPMI 2650 cells, which were derived from a
metastatic pleural effusion originating from a squamous cell
carcinoma of the nasal septum, were cultured in EMEM with
L-glutamine and Earle’s balanced salts containing 10 % FCS and
antibiotics. The cells were cultured at 37°C in a humidified
atmosphere of 5% CO,, 95% air.

Materials. Ad/CMV-p53 (14) was obtained from the M.D.
Anderson Institutional Vector Core. Mouse anti-FAK (clone 4.47)
and rabbit anti-FAK (# 06-543) were purchased from Upstate
Biotechnology (Charlottesville, VA, USA). Rabbit anti-pY397
FAK (# 44-624G) was purchased from Biosource International
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(Camerillo, CA, USA). Anti-pJNK (# 9255S), anti-pAKT (#
4051S), anti-AKT (# 9272), anti-p53 (# 2524) and anti-p21 (#
2946) were purchased from Cell Signaling Technology (Beverly,
MA, USA). The anti- actin antibody and drugs were purchased
from Sigma (St Louis, MO, USA).

Construction of Ad-empty and Ad-FRNK. The construction of the
adenoviruses using the BD Adeno-X-Expression Systems 2 kit (BD
Biosciences, Palo Alto, CA, USA) has been previously described
(15). Ad-FRNK contains the FRNK sequence under control of a
CMYV promotor, whereas Ad-Empty is a control adenovirus. The
viruses were titered using the BD Adeno-X Rapid Titer Kit (BD
Biosciences). The multiplicity of infection (m.o.i) is defined as the
number of infectious particles divided by the number of cells.

Infection of SCCHN cells with recombinant adenovirus. The cells
were trypsinized and known numbers of cells were replated in wells
of the desired size. The cultures were incubated overnight. The
adenoviruses were diluted in culture medium and the virus was
added to the cells for the times indicated in the figure legends.

Western blotting. Cells were incubated at 37°C for 48 h with viruses.
The cell monolayers were rinsed in phosphate-buffered saline (PBS)
and lysed in ice-cold lysis buffer (50 mM HEPES, pH 7.4; 150 mM
NaCl; 1% NP40; 0.5% sodium deoxycholate; 1 mM sodium
orthovanadate; 5 mM EDTA; 5 mM NaF) containing a 1:20 dilution
of mammalian proteinase inhibitor cocktail (Sigma P 8340). Protein
was assayed using the BCA reagent (Pierce, Rockford, IL, USA) and
equal amounts of protein per lane were electrophoresed on a 10%
polyacrylamide gel under denaturing and reducing conditions. The
resolved proteins were electrophoretically transferred to PVDF
membranes. Proteins were detected using the appropriate antibodies
and the ECL system (Amersham, Piscataway, NJ, USA) as per the
manufacturer’s instructions. Where indicated, membranes were
stripped by heating (50°C/ 10 min) in 6 mM glycine; 1 % SDS, pH 2.0.

Cytotoxicity assay/ apoptosis assay. The cells were trypsinized,
replated in 96-well plates (2x10% cells/ well) and allowed to attach
overnight. Fresh medium containing adenoviruses and drugs were
added to the cells, which were incubated for an additional 3 days.
Cell viability was assessed using the MTT assay. MTT (10 uL of a
5 mg/ml solution) was added to the wells and the plates were
incubated at 37°C for 4 h. The reaction was stopped with 1% SDS
in 0.1 N HCI, which solubilizes the cells and the blue reaction
product. The plates were incubated overnight at 37°C and the
absorbance at 550-650 nm was determined using an ELISA plate
reader. Each assay point was performed in triplicate and the results
are presented as the meanzstandard error. The assays were
performed on at least three separate occasions with similar results.

Apoptosis was measured using the DNA stain, Hoechst 33342
(bisbenzimide). Cells, which were cultured in 96-well plates, were
treated with adenoviruses for 48 h. The plates were centrifuged, the
cells fixed for 10 min with 3.7% formaldehyde in PBS and were then
stained with Hoechst 33342 (10 ug/ml in PBS). The stained nuclei
were viewed under a fluorescent microscope equipped with a UV
filter. The percent of apoptotic cells was determined by manually
counting cells containing brightly staining condensed and/ or
fragmented chromatin. This number was divided by the total
number of cells in the microscopic field (13, 16). The results are the
average of replicate wells.
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Reverse transcription polymerase chain reaction. Cells (1)(106 cells/
dish) were incubated at 37°C for 72 h with viruses and RNA was
then extracted using Trizol (Invitrogen, Carlsbad, CA, USA). Two
micrograms of total RNA were reverse transcribed in a volume
of 100 uL containing 10 mM Tris-HCI (pH 8.3), 200 uM dNTPs,
1.5 mM MgCl,, 50 U/mL Rnasin, 2.5 mM random primers,
10 mM KCI, and 200 U Superscript (Invitrogen). The reactions
were incubated at 25°C for 10 min, 37°C for 60 min and 92°C for
5 min. DNA amplification was performed in a 50-uL reaction
containing 5 pL of the RT reaction, 50 pmol of each primer,
1.5 mM MgCl,, 10 mM Tris-HCI (pH 8.3), 50 mM KCI, 200 uM
dNTPs, and 0.25 U Taq polymerase. The primers were: FAK
sense 5 CCAGGGATTATGAGATTC 3’; FAK antisense 5> GACAC
CAGAACATTCCGAGCA 3’; Actin sense 5 GTGGGGCGCC
CCAGGCACCA 3’; Actin antisense 5° CTCAATGTCACGC
ACGATTTC 3’. The amplification reactions were performed in
35 cycles of 94°C for 50 sec, 55°C for 30 sec and 72°C for
2 min. The products were electrophoresed on a 1% agarose gel
containing ethidium bromide and the bands were photographed
under UV light.

Statistical analysis. The data were analyzed using JMP (SAS
Institute) Statistical Discovery Software Version 4. The difference
between means was determined using a one-way analysis of
variance (ANOVA) followed by the Student’s #-test for each pair.
Differences were considered significant where p<0.05.

Results

FRNK (fak-related non-kinase) is the non-catalytic carboxy-
terminal portion of FAK (17). FRNK is autonomously
expressed in vivo (17) and inhibits FAK activity, probably by
binding to its intracellular "receptor” (18). As such, FRNK has
been used to experimentally inhibit the activity of FAK (15, 19).

When the RPMI 2650 cells were infected with Ad-FRNK
(Figure 1B), there was a small decrease in cell viability, as
measured by the MTT assay, relative to both untreated cells
and cells treated with the control adenovirus (Ad-Empty),
which lacks a transgene. Although the cells treated with
Ad-FRNK were consistently less viable than Ad-Empty-
treated cells, this difference generally was not statistically
significant at a multiplicity of infection (m.o.i) less than 100
(Figure 1B and ref. 15). However, when cells were treated
with Ad-p53 (Figure 1A), there was clearly a concentration-
dependent decrease in cell viability.

In order to minimize the cytotoxic effects of the
adenovirus itself, subsequent experiments were performed
using a relatively low concentration of virus. Moreover, the
concentrations of Ad-p53 or Ad-FRNK causing minimal
cytotoxity were chosen in order to maximize the observed
responses caused by combining both viruses and adding
drugs. Based on the results of pilot experiments, some
experiments used Ad-p53 at m.o.i=5 and Ad-FRNK at
m.o.i=10, whereas the control adenovirus, Ad-Empty, was
used at an m.o.i=15. At this concentration, Ad-Empty
induced a small increase (10-15%) in cytotoxicity (Figure 1)
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Figure 1. Effect of Ad-p53 and Ad-FRNK on RPMI viability. RPMI 2650 cells were incubated with the indicated amount of Ad-p53 (A), Ad-FRNK
(B), or Ad-Empty (control) for 72 h and cell viability was then assessed using MTT. The percent of viable cells relative to untreated cells was determined
from the means of triplicate measurements for each treatment. Representative experiments are shown.

and in apoptosis (Table I; 2.5- to 4.3-fold untreated
controls). Table I shows that it is possible to titer Ad-p53
and Ad-FRNK so they cause no apoptosis (Table I, exp.1)
or modest apoptosis (Table I, exp. 2) relative to Ad-Empty.
However, when the viruses were combined, the amount of
apoptosis appeared to be synergistic (exp. 1) or additive
(exp. 2). This confirmed the hypothesis that overexpression
of p53 in concert with inhibition of FAK would render cells
more susceptible to death than either treatment alone.

As seen in Figure 2, RPMI 2650 cells, infected with
Ad-FRNK (m.0.i=10) and/ or Ad-p53 (m.o.i=5), produced
substantial amounts of FRNK and p53, respectively.
Autophosphorylation of FAK on tyrosine 397 is a measure
of its activity (1). As such, the RPMI 2650 cells contain
active FAK as evidenced by the pY397 FAK immuno-
reactivity (Figure 2). This immunoreactivity decreased upon
infection of cells with Ad-FRNK and Ad-FRNK/Ad-p53,
indicating reduced FAK activity under these conditions
(Figure 2). The reduction in FAK activity coincided with
ectopic FRNK expression and a decrease in the
immunoreactivity of endogenous full-length FAK in cells
co-infected with Ad-FRNK and Ad-p53. The decrease in
full-length FAK expression was not the result of
electrophoresing unequal amounts of protein, as evidenced
by the equivalent amounts of endogenous f-actin in the
various cell extracts, nor was it the result of reduced
expression of FAK mRNA (Figure 3). Therefore, co-infection
of RPMI 2650 cells with Ad-FRNK and Ad-p53 may cause
degradation of endogenous FAK protein.

Although anticancer drugs with varying mechanisms of
action (etoposide, 5-fluorouracil and paclitaxel) caused cell
death in a concentration-dependent manner, the RPMI 2650
cells were insensitive to cisplatin over a wide concentration
range (1-100 uM) (Figure 4A). Infection of cells with Ad-p53

Table 1. Effect of Ad-FRNK and Ad-p53 on apoptosis. RPMI 2650 cells
were incubated with the indicated concentration of virus for 48 h.
Apoptosis was then determined using the Hoechst assay as described in
Materials and Methods. The mean xstandard error is shown for each
treatment.

Experiment 1 Experiment 2

Ad-Empty (m.0.i=15) 43205 25%03
Ad-p53 (m.0.i=5) 27%0.8 7.3%1.9%
Ad-FRNK (m.0.i=10) 2.7+0.8 49+02
Ad-p53 (m.o.i=5) and 9.4%1.8* 12.4:£0.8%%*

Ad-FRNK (m.0.i=10)

Less than 1% of untreated cells were apoptotic.

*Significantly different from Ad-Empty, Ad-FRNK, Ad-p53.
**Significantly different from Ad-Empty.

***Significantly different from Ad-Empty, Ad-FRNK, Ad-p53.

alone or Ad-FRNK alone augmented the cytotoxic effect of
etoposide, paclitaxel and 5-fluorouracil, but not of cisplatin
(Figure 4). Co-infection of cells with Ad-FRNK and Ad-p53
greatly potentiated the cytotoxicity of etoposide, paclitaxel
and S-fluoruracil with substantial amounts of cell killing
occurring at the highest concentrations of the drugs (Figure 4).
Interestingly, exposure to 100 uM cisplatin rendered the cells
less sensitive to the cytotoxic effect of Ad-FRNK plus
Ad-p53. It is possible that high concentrations of cisplatin
compete with p53 for its DNA-binding site.

Discussion

Resistance to chemotherapeutic agents is a significant clinical
problem in the treatment of SCCHN. This is, in part, caused
by defects in drug transport, but clearly this is not the sole
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Figure 2. Effect of Ad-FRNK and Ad-p53 on protein expression. RPMI
2650 cells (1x109) were incubated with nothing (--), Ad-Empty (C,
m.o.i=15), Ad-p53 (p53, m.o.i=5), Ad-FRNK (FK, m.o.i=10), or
Ad-p53 (m.o.i=5) + Ad-FRNK (m.o.i=10) (both) for 48 h. The detached
cells were collected, washed and then pooled with the attached cells that
had been lysed on the plates. Equal amounts of protein were
electrophoresed in replicates on a 10% polyacrylamide gel. The proteins
were transferred to PVDF and the indicated antigens were detected with
antibodies, as per the manufacturers’ instructions. The pY397 FAK blot
(pY397 FAK) was stripped and then reprobed for endogenous 125 kDa
FAK using an antibody directed against the amino-terminal domain of
FAK. FRNK (42 kDa) was detected with an antibody directed against the
carboxy-terminal portion of FAK. This antibody reacts with FRNK, which
is contained in the carboxy-terminal portion of FAK.

mechanism of drug resistance. Indeed, cancer cells have
multiple abnormalities in the pathways regulating cell survival
and apoptosis. Thus, one strategy for the development of new
anticancer therapies involves using gene therapy to normalize
the apoptotic response to cytotoxic agents.

FAK is an intracellular tyrosine kinase, which is
overexpressed in a variety of human tumors of epithelial
origin (1-9). FAK regulates the cell cycle, survival,
migration, and invasion in vifro and metastasis in vivo, so it
appears to be an ideal target for cancer therapy (1, 10, 11,
20). Specific, small molecule inhibitors of FAK are not
currently available, so investigators rely on genetic means,
such as antisense oligonucleotides (21), siRNA (22) and
dominant-negative constructs such as FRNK (15, 19, 23) to
inhibit the expression or activity of FAK. Studies in cultured
cells show that FAK inhibitors, themselves, induce cellular
apoptosis under some conditions (19, 21). Inhibitors of FAK
can also increase the action of cytotoxic agents (24). Indeed,
we previously constructed HEK 293 cells, which inducibly
overexpressed FRNK, thereby augmenting the cytotoxic
effect of 5-fluorouracil (23). Moreover, when SCCHN cells
were infected with Ad-FRNK, the cytotoxicity of anticancer
drugs was enhanced by 20-30% (15), suggesting that
multiple signaling pathways should be targeted for maximal
drug-mediated cytotoxicity.
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Figure 3. Effect of Ad-FRNK and Ad-p53 on FAK expression. RPMI 2650
cells (1x100) were incubated with nothing, Ad-Empty (m.o.i=15), Ad-p53
(m.o.i=5), Ad-FRNK (m.o0.i=10), or Ad-p53 (m.o.i=5) + Ad-FRNK
(m.o.i=10) (both) for 48 h. Total RNA was prepared using Trizol and
2 ug of this were reverse transcribed. FAK and [-actin were amplified and
detected as described in Materials and Methods. A photograph of an
ethidium bromide-stained gel is shown.

Both

Several studies indicated that FAK mediates cell survival
through p53-dependent and -independent pathways (1, 13),
suggesting that co-expression of FRNK and wild-type p53
could improve the response of cultured SCCHN cells to
cytotoxic agents. The results described herein show that
infection of RPMI 2650 cells with either Ad-FRNK alone or
Ad-p53 alone improved the response to cytotoxic drugs. The
results obtained with Ad-p53 are consistent with many
previously described studies showing that Ad-p53 infection of
transformed cells potentiated the cytotoxicity of anticancer
drugs regardless of whether the cells had endogenous wild-
type or mutant p53 (12), whereas the results obtained with
Ad-FRNK are consistent with the previously described work
by our group (15) and others (22, 25). The novel finding of

—

Figure 4. Effect of Ad-FRNK and Ad-p53 on drug-induced cytotoxicity.
Cells were trypsinized, replated in 96-well plates (2x10# per well), and then
incubated overnight. The indicated amounts of drugs (50 uL) and viruses
(50 uL) were added to triplicate wells and the plates were incubated for 72
hours prior to performing the MTT assay as described in the Materials and
Methods. The mean xstandard error was calculated for each treatment
and percent control viability relative to untreated cells (no drug, no virus)
was determined. The control consisted of Ad-empty, which was used in
the same concentration as Ad-p53, Ad-FRNK, and Ad-p53 + Ad-FRNK.
The numbers in the figure key refer to the multiplicity of infection (m.o.i)
of virus. A) Paclitaxel (taxol) and cisplatin. At all drug concentrations,
cells treated with Ad-FRNK and Ad-p53 were significantly less viable than
cells subjected to any other treatment. B) Etoposide. At all drug
concentrations, cells treated with Ad-FRNK and Ad-p53 were significantly
less viable than cells subjected to any other treatment. C) 5-Fluorouracil.
Cells treated with Ad-p53 and Ad-FRNK were significantly less viable than
any other treatment except at 0 ug/ml 5-fluorouracil (5-FU).



Kornberg: Ad-FRNK and Ad-p53 Enhance Drug-induced Cell Death

% Untreated

% Untreatad

% Control

Effect of Ad-FRNK and Ad-p53 on drug-induced cytotoxicity

100
80 [ o
. | EEmpty (5)
I | Op-53 (5)
T O Empty (50)
. BFRNK (50)
- | B Empty (55)
= EFRNK+p-53
20 =
sl = _ N _ d
No Drug taxol (0.1nM}  taxol {(1nM)}  taxol (10nM) taxol (100nM) cisplatin (1pM) cisplatin cisplatin
10pM 100pM
Treatment 7o) (o0
Effect of Ad-FRNK and Ad-p53 on drug-induced toxicity
100 — =
|
|
80 |
L
80 | =
70 | l -
60 | DO Empty (5)
| [ = Op-531(5)
50 | [
B OEmpty (10)
1 b i
4 ) _}_.\ !I. BFRNK {10}
| ;‘- f HEmpty (15)
0| B BFRNK (10)/p-53
| 'g (5)
£ v
20 1 |e. ! H
G ™ 1
e d i
10 : P (|
N | E i e
0l i 1 e == ]
No Drug etoposide 0. 1M atoposide 1pM etoposide 10
10 ———
Treatment
Effect of Ad-FRHK and Ad-p53 on drug-induced cytoxicity
120 4
100 4
80 4 = GEmgty (5)
£ p-53(5)
60 | £ = GEmpty (50)
= — BFRNK (50)
= = mEmpty (55)
40 4 E E BFRMNK+p-53
20 4 = =
o4 — ] = —

No Drug 5-FU (1 pg/mi) 5-FU (10 pg/ml) 5-FU {100 pgimil}
Treatment

3029



ANTICANCER RESEARCH 26: 3025-3032 (2006)

this work, however, is the demonstration that adenovirus-
mediated FRNK gene transfer cooperates with Ad-p53 to
augment drug-induced death of a SCCHN cell line. RPMI
2650 cells, which were co-infected with Ad-FRNK and
Ad-p53, showed considerably more cell death in the presence
of cytotoxic drugs than cells transfected with either virus
alone or equivalent amounts of control virus (Figure 4).

In this work, three distinct SCCHN cell lines (RPMI 2650,
SCC25, FaDu) were tested. However, under the described
experimental conditions, the cooperation between Ad-FRNK
and Ad-p53 was only observed in RPMI 2650 cells. The cause
of this disappointing result is not known, but it is possible that
the appropriate experimental conditions have yet to be found.
Indeed, preliminary data show that Ad-FRNK and Ad-p53
together inhibit the cloning efficiency of cells (RPMI 2650,
FaDu, SCC25) relative to cells treated with Ad-p53 alone
and Ad-FRNK alone. It is also possible that SCC25 and
FaDu cells contain abnormalities downstream of FAK and/
or p53, which interfere with the apoptotic response.
Curiously, SCC25 and FaDu cells have mutant p53 (26),
whereas RPMI 2650 cells contain functional p53 (27), so the
situation is more complicated than merely restoring wild-
type p53 to deficient cells.

The mechanism of the cooperative response between
Ad-FRNK and Ad-p53 in RPMI 2650 cells is not known.
FAK can mediate cell survival through ERK, AKT and JUN
(1), but changes in phosphorylation of these proteins were
not observed on Western blots (data not shown). It is
possible that changes in the phosphorylation state of these
molecules exist, but were undetectable under the described
experimental conditions. Interestingly, FAK was lost from
cells which were co-transfected with Ad-FRNK and Ad-p53.
Because FAK can reduce the transcriptional activity of p53
(28), this suggests a mechanism whereby Ad-FRNK may
cooperate with Ad-53 to increase apoptosis.

Conclusion

Adenovirus-mediated gene transfer of FRNK cooperates
with Ad-p53 to augment drug-induced death under some
circumstances. Additional work is needed to discern the
mechanism of this interaction.
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