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Experimental gene therapy of human colon
cancer

Background. Gastrin regulates growth of human colon cancer cells by activation of the cyclic
adenosine monoPhosphate (cAMP) -dependent protein kinase A (PKA). Gastrin and 8-Br-cAMP,
a membrane-permeable cAMP analag, inhibit growth of HCT116 cells,' both stimulate growth of
LoVo cells. This dualeffecton growth may be explained by relative amounts of the regulatory
subunit (Rla or RIIP) of PKA within the cancer cells. Antisenseoligodeoxynucleotides (ASO) to
either R1a or RIIP inhibit protein translation of the target mRNA by sequence-specific binding,.

subsequently, cellular PKA content and the cAMP-mediated growth may be altered. We
determined whether ASO to either the Rla or RIIP subunit altered the cAMP-mediated growth of
HCT116 and LoVo human colon cancer cells.
Methods. HCT116 cells were treated with RIIP ASO (15 JLmol/L, 4 days) and then treated with
8-Br-cAMP (25 JLmol/L),' tritiated thymidine incorporation was measured after 24 hours, and the
cell number was determined on alternate days. Protein and mRN A levels of the RIIP subunit were
determined by Western and Northern blotting, respectively. Similar studies with an ASO against
the R1a subunitwere performed on Lo Vo cells.
Results. RIIP ASO reversed the cAMP-mediated inhibition of growth of HCT116 cells, and RIIP
ASO decreased the protein level of the RIIP subunit. RIIP ASO did not alter the basal growth of
HCT116 cells. Rla ASO reversed the cAMP-mediated stimulation of growth of LoVo cells.
Conclusions. The regulatory subunits of PKA are potential targets to alter growth of human colon
cancer cells. Gene therapy directed to alter speclflc steps in signal transduction pathways may
provide new therapeutic strategies. (SURGERY 1994,'116:189-96.)

THE EFFECT OF GROWTH FACTORS andhormones is
mediated by specific binding to cell surface ref.'tptors and

subsequent alteration in the intracellular levels of
small-molecule second messengers, such as 3',5' -cyclic
adenosine monophosphate {cAMP).1-2 Many peptide

hormones, including gastrin, have been shown to use the
cAMP signal transduction mechanism to regulate

growth.3-7 cAMP activates the cAMP-dependent pro-
tein kinase (protein kinase AiPKA]), a heterodimer
composed of two regulatoryand two catalytic sub-
units.8, 9 It has been shown thatthere are several isomers

of the regulatory subunit.IO The relative ratio of these

regulatory subunits of PKA (growth-stimulatory [RIaJ
or growth-inhibitory [RIIpJ) dictate whether cell growth
will be stimulated or inhibited on activation of the
cAMP pathway .11-13 Halide-substituted cAMP analogs

easily penetrate cell membranes and lead to PKA acti-
vation,14-16 We have found that gastrin and 8-Br-

cAMP, whichbind equally to both RIa and RIIP, inhibit
grówth of 'HCTl16 human colon cancer cells; 8-Br-
cAMP stimulates growth of Lo V o human colon cancer'. .
celIs.4

..Sequence-specific antisense oligodeoxynucleotides
{ASOjare effectivemeans of blocking translation of
ceJlular protein from messenger..RNA transcripts.17,18
ASO bindto the target mRNA and, through either

mR,~Adigestil?~~YRNaseHor ribosome Gompetition,
i.Rq,ieitpro!..~~qir~a~~,Iation ,and decr~a~ethe1cellular
copt~ni r of,:th~,:~argeted ,protein.19,_?? r,ASO...,directed

againsttheR.Ia;~eG~eaSe, theproteinJeveI ,and lead ~o
differentiation and inhibition of growth of a leukemla

Supported by the National Institutes of Health (POl DK35608,5R37
DKl524l), the American Cancer Society (CB-57l), and theWalls
Medical Research Foundation and Health Foundation.

Presented at the Fifty-fifth Annual Meeting of the Society of Univer-

sity Surgeons,jackson; Miss., Feb. 9-12,1994.

Reprintr¡;quests:Courtney M. 1.'ownsend, Jr.; MD, Robertson-Poth
Professor, Department of Surgery,. The University ofTexas Medical,." ,
Branch, 301 University ~lvd., Gal.veston, TX77555-q533.

¡ c11/6/56149

SURGERY

189





~
--~

Bold el al. 191Surgery
Volume 116, Number 2

9.. (Day 4)

~
~8.-

M

b 7
?-

><
-6-

5.-
~ 4.
U

3-

Sense Antlsense

Fig. 3. Effect of 8-Br-cAMP (25 JlmoljL) on growth of HCTl16 cells pretreated with either R¡¡¡J sense or ASO
(4-day pretreatment, 1 S JlmoljL). .p < 0.05 versus without 8-Br-cAMP.
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Fig. 4. Effect of 8-Br-cAMP (25 ILmolfL) on tritiated thymidine incorporation in HCT116 cells pretreated with
either Rllfi sense or ASO (4-day pretreatment, 15 ILmolfL). .p < 0.'05 versus without 8-Br-cAMP.

change the relative ratio of the regulatory subunits and
subsequently alter the growth of HCTl16 and LoVo
human colon cancer cells.

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

Growth studies. HCTl16 cells (1000 cells/well,
96-well plate) were seeded in McCoy's medium con-
tainingS% FCS.After 24 hours, medium was replaced
with fresh mediúm containing 0.1 % FCS, and cells were
treated every 2 days with 15 .umol/L'oligodeoxynúcle-
otidesC¡(RIIP; sense sequence, S'-ATG-AGC-ATC-
GAG-A TC.iCCG-GCG-3'; RlIp antisense sequences,
5 ';;.CGC:.CGG;.GA T -CTC-GA T -GCT -CA T -3' ;RI~
sense 1S'.;A TG::GAG-TCT -GGC-AGT -'ACC-GCC-,
3' ;:RIa"antiserise,"" 5 ~ -'GGC-GGT -ACT-GCC-AGA-'

,
CTC-CA T -3 ~ ;;Midland, Reagents,1Midland,..,Texas),
Cells were'collected on laterdays with O.2SO¡otrYr'sin
(Gibco Laboratories)and were counted with a Coulter
counter {Coulter Electronics, Hialeah, Fla.):For;iihe

MATERiAL AND METHODS

Cell culture. HCTl16and LoVohuman colon can-
cer cells were obtained fromthe American Type Culture
Collection (Rockville, Md.).:,HCT116 cells were 'tul-
tured in McCoy's medium (GibcoLaboratoriés, Grand
Island,' N. Y.) supplemented with S% fetal calf serum
(FCS;I:Iyclone Laboratories;.Jnc.;Logan;cUtah). LoVo
cells were cultured in Dulbecco's modified Eagle's me-
dium.;(Gibco Labor!itories) .supplemented with SO¡o
FCS¡'\-\humidifiedincubator at'37° -O withanatmo.i
sphere 'of9SO¡o air and SO¡oCOiwas used..,Passages S to
9.(HCT116) and passages'4S ió SO (LoVo) were used
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Figo 5. Northern b¡ot for R¡IpmRNAin HCTl16 cells (A) treated with R¡¡psenseor ASO (lSllmol/L, 18 hours)
and densitometric apalysis (B) with normalization to the constitutively e'xpressed gene IBIS,:

i --o..''; '. 'I " , .', ~.., ! ! ., ,.;

were plated (2 X 106/100 mm plate) in McCoy's
mediumcontaining 5% FCS. After 24 hours to allow for

.cell adherence, oligodeoxynucleotides were added (15 ¡
I ,umol)L), and total RNA was"collected after 18 hours í

I of treatment with RNAzol B (Biotecx Laboratories,
: Houston, Texas). Polyadenelated mRNA was then iso- '"

lated by oligo-deoxythymidine cellulose (Collaborative ~
Research Inc., Bedford, Mass.) column chromatogra- ;
phy. Twenty micrograms was separated on a denatur- ,:'
ingl,25%.agarose gel. After electrophoresis, RNA was ~

, , ., " ,¡¡
transferred lo a nitrocell ulose membrane for subsequent ~,

Northem blotting. Probes were madeby nick-transla-
tion of the complement DNAsfor the RlIfl and cyclo-
philin genes with a-32-P-deoxyadenosine triphosphate.
After hybridization and later posthybridization washes
for remoyal of the free probe, the membranes were ex-
posed tox-ray film for autoradiography. The hybrid-
ization sigrtals on the aittoradiographs were analyzed
quantitatively with a densitometer (Bioimage Visage
60; Bioim~ge, Ann Arbor, Mich.).

Protein analysis by Western blot. HCT116 cells
(2,X 10~/jÓOmmplate)were cultured in ,McCoy's
medi umcontaining 5% FCS. After 21 i;1ours toallow for
adherence,'iceUs!were .,treated '.witholigodeoxynucle-
otides(15,umol/L) for 48hours.:Cells ,were washed
twice r.jn phosphate,buffered !salinet.!$olution\:(Gibco
Laboratories): ánd collected:,into íic~-:cold r\phosphate~
buffered $aline:$olution~ Cellswerepelleted and resus-
pendediRO.5inlof buffer ;"1 O",(Tris-HCI:pH 7...4, 20

.mmol/L; NaCI, 100 mmol/L; NP-40, 1 %; sodium

examination of the effect of stimulation of the cAMP
pathway after ASO treatment, cells were plated as
mentioned.. After 4 days of treatment with the oligonu-
cleotides, cells were collected with trypsin and reseeded
into fresh 96-well plates (1 000 ~ells!well) containing
fresh medium supplemented with 0.1 % FCS, which had
been heat-inactivated by !incubiting at 540 C fór 30
minutes. Cells were treated with 25 p.mol/L 8-Br-
cAMP (Sigma Chemical Company,~St.Louis, Mo.) or
vehicle while still~~~,ergoing ,t~e~t~~ntevery 4~, hou~s
with the respective óligodeoxynucleotide: Four days'af-
ter the initiation of 8-Br-cAMP treatment, the cells
were collected with trypsin 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 Rla were used for growthstudies and
for the studyinvolving pretreatmentwith the ASO and,
subsequent treatment with8-Br~cAMP.
-iTritiatedthymidine, inco'rporation. ,Cells were

plated as mentioned!or ~?est~~yofASO pr~treatment.
Twenty-one hoursafter ¡the-addition:of 8-Br.:cAMP,

..

~C;lls weré ,pulsed)with A ,p.Ci/ml of Jtritiated thymidine

(Amersham Life,Sci(:nce,.Ar.lington :H(:ights, 1l1.).éAf-
t(:ra 3-hour ptilse,'incorporated tritiated thymidire was
,p~ecipitatedwith ,1 O%.trichlóróac(:ticácid (Sigma Ch(:m.;
ica1.;.9ompahy).~Gé11s ~wer(:,th(:n lsólubiliz(:d,with r1!'!N
NaOH;,alid ..,radioactivity ;lwas,d~t(:rmined ,by ,liqtiid
scintillatióncounting,;¡'l,,¡; I,,{ "!;\j,:,

mRNAanalysis by Northern blot. HCT116 c(:lls

~~~~
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Fig. 6. Western blot ofHCT116 cells for Rla and RI1P pro-
teins after treatment with RIIP sense or ASO (15 /Lmol/L, 48
hours).

(Fig. 6).The RII.8 subunit is a 52 kd protein, and intra-
cellular content was significantly decreased after 48
hours of treatment withthe RII.8 ASO when compared
with the sense-treated cells. The RIa subunit is 48 kd in
size and is simultaneously detected by the antibody and
shown for reference. The total intracellular content of
this subunit was not altered by RII.8 ASO treatment.

When LoVo cells were pretreated with the .RIa ASO
for 4 days, the effect of 8-Br~cAMP on growth was re-
versed '(Fig:7). Total number of cells pretreated with

!the RIa ASO and then exposed to 8-Br-cAMP was de-
crea sed by 15% compared with control; the growth of
sense-treated cells wasstimulated,leading to a 22% in-
crease incell number,,~herate ofDNA synthesispar,:;
alleled this reversal of theeffectoQ growth mediated by
pretreatment with the RIa ASO .,as seen':by a 46%
decrease in tritiated thymidine incorporation after 8-Br-

deoxycholate, 0.50;0; MgCh, 5 rnrnol/L; aprotinin, 0.4
rng/rnl; soybean trypsin inhibitor, 0.5 rng/rnl; leupep-
tin, 0.2 rnrnol/L; phenylrnethyl sulfonyl fluoride, 0.2
rnrnol/L). Cells were lysed by passage through a
20-gauge needle and centrifuged (15000 rpm, 5 min-
utes, 40 C) to remove the membrane fraction. Protein
concentration was determined with bovineserum albu-
min as a standard. Aliquots of the protein lysate (100
ILg) were loaded anta a 10% polyacrylamide gel and

separated by electrophoresis. Proteins were then trans-
ferred to a polyvinylidene difluoride membrane (Bio-
Rad Laboratories, Clinical Div., Hercules, Calif.) by
electrotransfer. Membranes were soaked in NTE-
NP40buffer (Tris-HCI pH 7.5,12 gm; NaCI, 17.5 gm;
N a-ethylenediaminetetraacetic acid, 1.7 gm; NP40, 2

ml/L) containing 30;0 bovine serum albumin for 18
hours at 40 C. A polyclonal rabbit antibody (1 :1000 di-
lution) was added and incubated for 24 hours at 40 C.
Membranes were washed with NTE-NP40 and subse-
quently incubated with 125I-protein-A (1 mCi/ml;
Amersham Life Science) for 1 hour at room tempera-
ture. Membranes were then washed twice with NTE-
NP40, and radioactivity was detected by autoradiogra-

phy.

RESULTS

As we have found previously,4 8-Br-cAMP inhibited
the growth of HCTl16 cells and stimulated the growth
of LoVo cells (Fig. 1). After 4 days of treatment, 8-Br-
cAMP decreased the total ccll number of HCTl16 cells
by 290;0 compared with control and incrcased the total
cell number of LoVo by 240;0 compared with control.
The basal rate of growth of H CTl16 cells under low-
serum conditions was not altered by the addition of RlIfl
ASO (Fig. 2). However, if HCTl16 cells had been pre-
treated with the RlIfl ASO for 4 days, the growth
response after treatment with 8-Br-cAMP was reversed
(Fig. 3). The growth of HCTl16 cells that had been
pretreated with the RlIfl ASO was stimulated by 8-Br-
cAMP with a resultant increase in cell number by 19%
after 4 days. Similarly, the effect of 8-Br-cAMP on the
ratear DNAsynthesis ofRlIfl ASO-pretreated HCTl16
cells as measured by tritiated thymidine incorporation
was algo reversed (Fig. 4).

Examination of the mRN A level encoding the RlIfl
subunit in HCT116 cells was examined by Northern
blotting. After RiÍfJ ASO treatment for .18hours, no al-
teration wasdetected in the level ofmRNA for RlIfJ (Fig.
S,. .A). Densitometricanalysis of the autoradiograph,
withthe constitutive gene cyclophilin as a control, con-
firmedtheobservationthatthe antisense treatment did
not alter ;the Ii1RNA level (Fig:5;1B).;However, deter-
minat~onof theprotein level ofRlIfJ by Western blotting
showedthat RlIfJ ASOtreatment significantly.lowered
the PKA regulatory subunit contentar HCTl16 cells
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Fig. 7. Effectof 8-Br-cAMP (25 ¡LmoljL) on growth of Lo V o cells pretreated with either Rla sense or ASO (4-
day pretreatment, 15 ¡LmoljL). .p < 0.05 versus without 8-Br-cAMP.
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Fig. 8.' Effect of 8-Br-cAMP (25 /LrnoljL) on tritiated thyrnidine incorporation in LoVo cells pretreated with
either Rla sense or antisense oligonucleotides (4-day pretreatrnent, 15/LmoljL). *p < 0.05 versus without 8-Br-

cAMPo

ated by8~Br:'cAMP but alsoreverses the effect ofthis
agent on growth and leads to stimulation of growth. The
analysis o[.themRNAencodingthe ,Rlif1protein indi-
cated thatthe effectof the ASOwás not likely by diges-
{ion of~the;niRNA! but was more1ikely'.to:háve /been
causedby;ribosomal competi tion..!... The anal ysisofthe

protein:.1evel byWesternblottingshows that,theRllf1
protein level !is'significantlydecreased after treatment
withtheASO..Conversely, thegrowth of LoVo cells is
normally,stimulated by activation of the cAMP path-
waYi butusing ASO targeted against the Rla subunit,

cAMP treatment (Fig:8). Treatment with theRiaASO
did not alter thé rate of growthof Lo V o cells after4 days
oftreatment (data notshowri).
"..i":riiS(:::USSION,,,~,:.c 

,,'t'¡""~~;"1""!""""~":¿".' "' '"'

,,)k:,A'SOare effectivc means'of specificallyalteririgpro-'
tein'levéls byinhibitionoftranslationof select mRNA;
specific cellulaifunctions mar thus be altered: Our
findings showthatASO targetedagainst the inhibitory .

isoform of PKA (RII{J) not only abolishes the inhibition
of growth of HCT116 human colon cancer cells medi-

~
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the growth response to 8-Br-cAMP is reversed, leading
to inhibition of growth after treatment with 8-Br-
cAMPo

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 celIs mar be either stimulated orinhibited after ac-
tivation of the cAMP pathway. We must understand the
central mediators of signaltransduction that control the
growth of cancer celI lines so that we mar specificalIy
target these mediators by new methods of treatment,
such as gene therapy. ASO targeted against the stimu-

latory regulatory subunit of PKA (Rla) inhibit growth
of celIs that are stimulated to grow by activation of the
cAMP pathway. Therefore altering the intracelIular
PKA content by gene therapy techniques mar lead to a

broadly applicable means of treatment of colon can-
cer.23.24

Several early trials of gene therapy have recently been
initiated as a means to alter the basic celIular nature of
both normal and neoplastic celIs.25 With new techniq ues
of gene therapy available to introduce foreign genes into
a specific population of celIs, it is possible to alter the
basic characteristics of cells, such as growth.23 A clear
understanding of the mechanisms involved in growth
are 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 mar contrib-
ute to a new therapeutic strategy for colon cancer.
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DISCUSSION

Y'Dr.R:áyrnondj.')oehl (Chicago; 1lI.). D6yOU have áriés-
tilrilitedf how many cells from both cell li~es were actually
"infected" with yoursense and antisense oligonucleotides to
show the efficacy ofyour treatment? You ha ve shown inhibi-
tion ofgrowth and a few other measures of degree of infection.
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work with antisense, and there are many issues concerning the
breakdown of the oligonucleotides, especially in vivo. Many
synthetic analogs, specifically, thioate esters, have been made.
Although they last longer, the problem is that they mar not
inhibitor stimulate in the nucleus or next to the nucleus as well
as you would like. Have you looked at any synthetic analogs
in antisense?

Dr. Bold. No, we have noto You have identified some of ihe
problems with antisense experiments. This type of experiment
is useful in determining a potential target in initial in yitro
studies before the use of other methods of gene therapy to al-
ter that target forfurther 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. I.: !

'"I!~
,"

Second, have you looked at this particular enzyme and
therapy for both ,sense and antisense infection in an in vivo
model?

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 has been examined in a vari-
ety of cells, I cannot give a specific number for these cells be-
cause they have not really been studied, but most othercells
do take up small segments of DNA readily, and almost 100%
incorporation of oligonucleotides is possible. ,

1n answer to your second question, we have not done any
in vivo studies, although we are in the process of generating
celllines that have been manipulated through vectors to alter
the regulatory subunits. We are in the process of examining
that. ,

Dr. Eric D. Whitman (St. Louis, Mo.). We have doné some
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