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Experimental gene therapy of human colon

cancer

Richard J. Bold, MD, Robert E. Warren, B3, Jin Ishizuka, MD, PhId,
Yoon 8. Cho-Chung, MD, PhD, Courtney M. Townsend, Jr., MD, and James C,
Thompsan, MD, Galverton, Tevay, Cakland, Calif, and Bethesda, Md.

Background. Gasirin regulales growth of human colon cancer cells by activation of the cyelie
adenosine monophosphate (cAMP) ~dependent protein kinase A (PKA). Gastrin and 8-Br-cA MP,

a membrane-permeable cAMP analag, inhibit

growth of HCT116 eells; both stinmulate grouwth of

LoVo cells. This dual effect on growth may be explained by velative amoungs of the regulatory
subtinit (Ry, or Riug) of PKA within the cancer cells, Antisense oligodenxynucleotides {ASD) o

either Ry, or Ry inkibit protem transiation of the ta
subsequently, cellular PKA content and the e AMP.m

rget mRNA by sequence-specific binding;
ediated growth may be altered. We

determined whether ASO (o either the Rea or Rypg subunit altered the cAMP-mediated growih of

HCT116 and LoVo human eolon cancer celly,

Methods, HCT176 cells were Ireated with Ryg ASO (15 pmol /L, 4 days) and then treated with
S-BrecAMP (25 pmal /L) tritiated thymidine incorporation was measured after 24 hours, and ihe

cell number was determined on altermate days,

Pratein and mBANA lepels of the Riyg subunit were

determined by Western and Norther blotting, respectively. Similar studies with an ASC agan st

the Ry, subunit were performed on Lol celly.

Results. Ryy ASO reversed the eAMP-mediated inkibition of growth af HCT116 cells, and R
ASC decreased the protein level of the Ry subumnit, fyg ASO did not alter the basal grouth of
HECTTI6 celly, Ry, ASO reversed the cAM Pemediated siinulation af growth of LoVo cells,
Conclusions. The regulatory subunits of PKA are potential targets to alter grawth of human eolon
cancer cells, Gene therapy directed o alter Specific steps in signal transduction pathways may
frrovide new therapeutic Slrateges. (SURGERY 1994:116:189-06. J
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THE EFFECT OF GROWTH FAGTORS and hormones is
mediated by specific binding to cell surface reetptors and
subsequent alteration in the intracellular levels of
small-molecule secarnid messengers, such as 3°,5 -cyelic
adenosine monophosphate (cAMP),!-2 Many peptide
hormones, including gastrin, have been shown to use the
cAMP signal transduction mechanism 1o regulate
growth.*” cAMP activates the cAMP-dependent pro-
tein kinase (protein kinase A [PKAJ), a heterodimer
composed of two regulatory and two catalytic sub-
units.*? It has been shown that there are severa] isomers
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of the regulatory subunit.'" The relative ratio of these
regulatory subunits of PKA (growth-stimulatory [R,]
or growth-inhibitory [Ryal) dictate whether cell growth
will be stimulated or inhibited on activation of the
cAMP pathway.'" Halide-substituted cAM P analogs
casily penetrate cell membranes and lead 1o PEA acti-
vation. "' We have found that gastrin and B-Rr-
cAMP, which bind equally to both Ry, and Ry, inhibit
growth of HCT116 human colon cancer cells: B-Br-
eAMP stimulates growth of LoVa human colon cancer
cells.t

Sequence-specific  antisense oligodeaxynucleotides
(ASQ) are effective means of blocking translation of
cellular protein from messenger RNA transcripts. ! 18
ASO bind to the target mENA and. through either
mRINA digestion by RNase H or ribosome competition,
inhibit protein translation and decrease the eellular
content: of the targeted protein.!” 2 ASO directed
against the Ry, decrease the protein level and lead to
differentiation and inhibition of growth of a leukemia
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Fig. 1. Growth study of HCT116 (A) and LoVo cells (B) after treatment with 8-Hr-cAMP {25 gmol /L),

*fr < .05 versus control.
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Fig. 2. Growth study of HCT1 16 celly (A) alter treavment with Ryg sense or ASO (15 pmol/L) and 1ot cell
number after 4 days of treatmont (B) with untreated (Control) cells for reference.

cell line?! Furthermore, manipulations in the relative
ratio of Ry and Rygg lead to alterations in rate of growth
and degree of differentiation in mouse cells 2?

Our hypothesis was that the opposite effect of 8-Br-

cAMP on the growth of either HCT 116 or LoVo cells
was a result of differences in the amounts of the regu-
latory subunitsof PEA. Therelore weexamined whether
ABQ) agninst either the Ry, or Ryg subunit would
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Fig. 3. Effect of 8-Br-cAMP (25 umol /L) an growth of HOT116 cells pretreated with either Ry sense or ASO
(4-day pretreatment, 15 pmol/L). *p < 0,05 versus without 8-Br-cAMP.,
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Fig. 4. Effect of B-Br-cAMP (25 pmaol /L) on tritiated thymidine incorparation in HCT116cells pretreated with
either Ryyg sense or ASO (4-day pretrentment, 15 pmaol /L). *p < 0.05 versus without 8-Br-cAMP.

change the relative ratio of the regulatory subunits and
subsequently alter the growth of HCT116 and LoVo
human colon cancer cells:

MATERIAL AND METHODS

Cell culture, HCT116 and LoVo human colon can-
cer cells were obtained [rom the American Type Culture
Collection {Rockville, Md.). HCT116 cells 'were cul-
tured in MceCoy's medium (Gibeo Laboratories, Grand
Island, N.Y.) supplemented with 5% fetal call serum
(FCS; Hyclone Laboratories; Ine,, Logan, Utah). LoVo
cells were cultured in Dulbecco’s modified Eagle’s me-
dium  (Gibeo  Laboratories) supplemented with 5%
FOS. A humidified incubator at 37% /0 with an atmo-
sphere of 95% air and 5% CO; was used, Passages 5 to
G{HOT116) and passages 45 to 50 (LoVo) were used

[or all studies to avoid differences in response after pro-
longed culture.

Growth studies. HOT116 cells (1000 cells/well,
St-well plate) were seeded in McCoy's medium con-
taining 5% FOS:Aflter 24 hours, medium was replaced
with [resh medium containing 0.1% FCS; and cells were
treated every 2days with 15 pmol /L oligodeoxynuele-
otides-(Ryig | sense sequence, 5°-ATG-AGC-ATC-
GAG-ATC-CCG-GOG-37; Ryg antisense sequences,
5 -CGC-CEG-GAT-CTC-GAT.GET-CAT-3" 1 Ry,
sense, 5'-ATG-GAG-TOT-GGC-AGT-ACC-GCO-
3% Ry, antisense, 5"-GGC-GGT-ACT-GCC-AGA-
CTC-CAT-31  Midland Reagents, Midland, Texas),
Cells were collected on later days with 0.25% trypsin
(Gibco Laboratories) and were counted with a Coulter
counter {Coulter Electronics, Hialeah, Fla). For ithe
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Fig. 5. Northern blot for Ruﬁ mRNA in HCT1 16 cells (A) treated with Rug sense or ASO (15 pmol/ L, 18 hours)
and densitometric analysxs (B) thh normallzatxon to the constltutlvely cxpressed gene 1B15,”
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examination of the effect of stimulation of the cAMP _
pathway after ASO treatment, cells were plated as !
mentioned. After 4 days of treatment w1th the oligonu-

cleotides, cells were collected with trypsin and reseeded |

into fresh 96-well plates (1000 cells/well) containing
fresh medium supplemented with 0.1% FCS, which had
been heat-inactivated by mcubatmg at 54° C for 30 .

minutes. Cells were treated with 25 umol/L 8-Br-
cAMP (Sigma Chemical Company,St. Louis, Mo.) or
vehicle while still undergoing treatment every 48 hours
with the respective ollgodeoxynucleotlde Four days af-
ter the initiation of 8-Br-cAMP treatment, the cells
were collected with trypsm and counted by Coulter
counter.

Growth studies of LoVo cells were set up as men-

tioned with Dulbecco’s modified Eagle’s medium. Oli-
gonucleotides to R4 were used for growth studies and
for the study involving pretreatment with the ASO and
subsequent treatment with 8- Br-cAMP. :

-+ Tritiated thymidine ; incorporation. ,Cells . were
plated as mentioned for the study of ASO pretreatment

Twenty-one hours’ after ithe” addxtlon ‘of 8-Br-cAMP,

cells were pulsed with 1 uCi/ml of tritiated thymidine
(Amersham Life Science, Arlington Heights, TI1.).-Af-
ter a 3-hour puilse, incorporated tritiated thymidine was
precipitated with 10% trichloroacetic acid (Sigma Chem-
ical :Company) 4Cells swere:then solubilized with 1N
NaOH; sand .radioactivity swas - determmed by thquld
scintillation :counting.i ki .,z i i

mRNA ‘analysis by Northern blot. HCT116 cells :

‘x. R

were plated (2 X 10§/100 -mm plate) in McCoy’s
medium containing 5% FCS. After 24 hours to allow for
cell adherence, oligodeoxynucleotides were added (15
pmol /L), and total RNA was collected after 18 hours
of treatment with RNAzol B (Biotecx Laboratories,
Houston, Texas). Polyadenelated mRNA was then iso-

Jlated by oligo-deoxythymidine cellulose (Collaborative

Research Inc., Bedford, Mass.) column chromatogra-
phy. Twenty micrograms was separated on a denatur-

ing 1.25% agarose gel. After electrophoresis, RNA was

transferred to a nitrocellulose membrane for subsequent
Northern blottmg Probes were made by nick-transla-
tion of the complement DNAs for the Ryg and cyclo-
philin genes with a-*2-P-deoxyadenosine triphosphate.
After hybridization and later posthybridization washes
for removal of the free probe, the membranes were ex-
posed to x-ray film for autoradiography. The hybrid-
ization signals on the autoradiographs ‘were analyzed
quantitatively with a densitometer (Blmmage Vlsage
60; Bioimage, Ann Arbor, Mich.). -,

. Protein analysis by Western blot HCT116 cells
(2 X.105/100 mm plate) ‘Were cultured in McCoy’s
medium containing 5% FCS. After 24 hours to allow for
adherence,icells :were , treated . with : oligodeoxynucle-
otides (15, umol/L) Afor 48 hours. :Cells were washed
twice ;iin: phosphate-buffered ; saline::solution® {(Gibco
Laboratories) ;and “collected .into iice-cold sphosphate-
buffered saline solution. Cells were pelleted and resus-
pended in 0.5 ml of buffer <10 (Tris-HCl:pH 7.4, 20
mmol/L; NaCl, 100 mmol/L; NP-40, 1%; sodium
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deoxycholate, 0.5%; MgCls, 5 mmel/L: aprotinin, 0.4
mg/ml; soybean trypsin inhibitor, 0.5 mg/ml; leupep-
tin; 0.2 mmol /L: phenylmethyl sullonyl Auoride, 0.2
mmol/L). Cells were lysed by passage through a
20-gauge needle and centrifuged (15000 rpm, 5 min-
utes, 4° O) to remove the membrane raction. Protein
concentration was determined with bovine serum albu-
min as a standard. Aliquots of the pratein lysate (100
pg) were loaded onto a 10% palyacrylamide gel and
separated by electrophoresis, Proteins were then trans-
ferred to a polyvinylidene diffuoride membrane (Bio-
Rad Laboratories, Clinical Div.. Hercules, Calil) by
electrotransfer. Membranes were soaked in NTE-
MNP40 buffer (Tris-HCl pH 7.5, 12 gm; NaCl, 17.5 gm;
Ma-ethylenediaminetetraacetic acid, 1.7 am; NP40, 2
ml/L) containing 3% bovine serum -albumin for 18
hours at 4° C. A polyclonal rabbit antibady (1:1000 di-
lution) was added and incubated for 24 hours at 4° C.
Membranes were washed with NTE-NP40 and subse-
quently incubated with '::'E-prutniu-.-‘a {1 mCi/ml;
Amersham Life Science) for 1 hour at room tempera-
tute. Membranes were then washed twice with NTE-
INF40, and radicactivity was detected by autoradiogra-
phy,

RESULTS

As we have found previously,! 8-Br-cAMP inhibited
the growth of HCT116 cells and stimulated the growth
of LoVo cells (Fig. 1). Aflter 4 days of treatment, 8-Br-
cAMP decreased the total cell numberof HCT 116 cells
by 29% compared with control and increased the total
cell number of LeVo by 24% compared with control.
The basal rate-of growth of HCT116 cells under law-
serum conditions was not altered by the addition of Ryjs
ASO (Fig. 2). However, if HCT116 cells had been pre-
treated with the Ry ASO for 4 days, the growth
response after treatment with 8-Br-cAMP was reversed
(Fig. 3}, The growth of HOT'116 cells that had been
pretreated with the Ry ASO was stimulated by 8-Be-
cAMP with a resultant increase in cell number by 19%
alter 4 days. Similarly, the effect of 8-Br-cAMP on the
rate of DNA synthesis of Ryg ASO-pretreated HCT116
cells as measured by tritiated thymidine Ineorporation
was also reversed (Fig. 4)

Examination of the mENA level encoding the R
subunit in HCT116 cells was examined by Northern
blotting. After Ryjg ASO treatment for 18 hours, no al-
teration was detected in the level of mRNA for Rypq ! Fig.

5, A). Densitometrie analysis of the ,"-.!_|1-|r'.L1li-'|g|';|J|I._
with the constitutive gene cyclophilin as a control, con-
firmed the observation that the antisénse treatment did
not alter the mRENA level (Fig, 5, B). However, deter-
mination of the protein level of Ryjg by Western blotting
showed that Ry ASO treatment significantly lowered

the PEA regulatory subunit content of HOT116 cells
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Fig. 6. Western blatof HCT116 ealls for Ry, and Ry pro-
teins after treatment with Ky sense or ASO (15 pmaol /1., 48

hours)

(Fag. 63, The Ryg subunit is a 52 kd protein, and intra-
cellular content was significantly decreased alter 48
hours of treatment with the Bye ASO when comparerd
with the sense-treated cells The Ry, subunit is 48 kd in
size and is simultaneously detected by the antibady and
shown for reference. The total intracellular content of
this subunit was not altered by Ryjg ASO treatment.
When LoVo cells were pretreated with the Ry, ASO
lor 4 days, the effect of 8-Br-cAMP on growth was re-
versed (Fig, 7). Total number of cells pretreated with
the Ry, ASO and then exposed to 8-Br-cAMP was de-
creased by 15% compared with control; the growth of
sense-treated cells was stimulated, leading to a 22% in-
crease in cell number. The rate of DNA synthesis par-
alleled this reversal of the effect on growth mediated by
pretreatment with the Ry, ASO as seen by a 46%
decrease in tritiated thymidine incorporation after 8-Br-
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Fig, £. Effert of 8-Lir-cAMP (25 pmol/L) on tritinted thymidine incorporation in LoVa cells preteeated wiih
either Ry, sonse or antisense aligonucleatides (d-day protreatment, 15 pmol /L) *f < 005 versus wilhoul 8-Br-

cAMI.

cAM I treatment (Fig, B) Treatment with the Ry, ASO
did not alier the rate of erowth of LoVe cells afier 4 days
af treatment {data not shown).

DISCUSSION

ASO are effective means of speaiheally altering pro-
tein bevels by inhibition of transiation of select mENA;
specific cellular funclions may thus be allered. Qur
findings show thiat ASO targeted against the inhibitory
isatorm of T'RA (T not anly abalishes the inhibition
of growtl of HOT116 human colon cancer cells medi-

ated by B-Br-cAMP but also reverses the eflect of this
agent an growth and feads 1w stimulation of grosth, The
analysis of the mRNA encading the Ry protein indi-
cated that the effect of the ASCH was not likely by diges-
tion of the mRNA but was more likely to have been
caused by ribosomal competition, The analysis of the
pratein level by Western blotting shows that the Ryg
protein level is sinificantly decreased alter treatment
with the AS0. Gonversely, the growth of LoVo cells is
normally stimulated by activation of the cANP path-
way;y but using AL vreeted against the By, submnl,
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the growth response to 8-Br-cAMP is reversed, leading
to inhibition of growth after treatment with 8-Br-
cAMP.

_Colon cancers are a heterogeneous group of neo-
plasms, and the development of a single therapeutic
modality is difficult. The growth of various colon can-
cer cells may be either stimulated or inhibited after ac-
tivation of the ;AMP pathway. We must understand the
central mediators of signal transduction that control the
growth of cancer cell lines so that we may specifically
target these mediators by new methods of treatment,
such as gene therapy. ASO targeted against the stimu-
latory regulatory subunit of PKA (Riq) inhibit growth
of cells that are stimulated to grow by activation of the
¢AMP pathway. Therefore altering the intracellular
PKA content by gene therapy techniques may lead to a
broadly applicable means of treatment of colon can-
cer.23,24

Several early trials of gene therapy have recently been
nitiated as a means to alter the basic cellular nature of
both normal and neoplastic cells.?> With new techniques
of gene therapy available to introduce foreign genes into
a specific population of cells, it is possible to alter the
basic characteristics of cells, such as growth.23 A clear
understanding of the mechanisms involved in growth
wre required before targeting a specific cellular protein.
Our findings show that alteration of signal transduction
pathways, such as the regulatory subunits of PKA, lead
to significant changes in cell growth and may contrib-
lite to a new therapeutic strategy for colon cancer.
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DISCUSSION ‘ : SR

* Dr, Raymond J. Joehl (Chicago; IIL.). Do you have an ‘es-
timate of how many cells from both cell lines were actually
“infected” with your sense and antisense oligonucléotides to
show the efficacy of your treatment? You have shown inhibi-
tion of growth and a few other measures of degree of infection.
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Second, have you looked at this particular enzyme and
therapy for both sense and antisense infection in an in vive
madel ?

Dr. Bold. In answer to your first question, we have not
studied what percentage of cells take up the antisense or small
DNA fragments, although this bas been examined in o vari-
ety of cells. | cannot give a specific number for these cells be-
cause they have not really been studied, bur most other cells
do take up small segments of DINA readily, and almost 100%
incarporation of oligonucleotides is possible.

In answer to your second question, we have not done any
in viva studies, although we are in the process of generating
cell lines that bave been manipulated through vectars to alter
the regulatory subunits, We are in the process of examining
that,

Dr. Eric D, Whitman (51 Louis, Mok We have done some

Surgery
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work with antisense, and there are many issues concerning the
breakdown of the oligonuclestides, especially in vive., Many
synihetic analogs, specifically, thioate esters, have been made,
Although they last longer, the prabilem is that they may nol
inhibit or stimulate in the nucleus or next 1o the nucleos as well
as you would like, Have you looked at any synthetic analogs
in antisense?

Dr. Bold. Mo, we have not You have identified some of the
problems with antisense experiments. This ty pe of experiment
is useful in determining a potential targer in initial in vitro
studies before the use of other methads of gene therapy w al-
ter that target for further in vivo studies. But we have not ex-
amined any other modifications, such as phosphothioate esters,
to look at the effect of those on the antisense-mediated growth
regulation.

L. o AN
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