
(CANCER RESEARCH 58. 3719-3726. Augusl 15. 1998]

Expression of Antisense CD44 Variant 6 Inhibits Colorectal Tumor Metastasis and
Tumor Growth in a Wound Environment1

Jennifer A. Reeder, David C. Gotley, Michael D. Walsh, Jonathan Fawcett, and Toni M. Antalis2

The Molecular Oncology Laboratory. The Queensland Cancer Fund Experimental Oncology Program. The Queensland Institute of Medical Research Â¡J.A. R., D. C. G., T. M. A./:
Department of Surgery, Princess Alexandra Hospital Â¡D.C. C.. J. F.I; and Department of Pathology. University of Queensland Â¡M.l). W., T. M. A.I Brisbane 4029. Queensland,
Australia

ABSTRACT

Up-regulation of (1)44 variant isoforms has been linked to the pro

gression of epithelial tumors and the metastatic phenotype. Here we
report a functional role for (1)44 variant isoforms in colorectal cancer
metastasis. An antisense mRNA approach was used to down-regulate

(1)44 variant isoforms containing (1)44 variant 6 (v6) in the metastatic

colorectal tumor cell line HT29. Cell lines stably expressing antisense
(1)44 exon 10 (v6) showed reduced expression of alternatively spliced
(1)44 variant isoforms but no significant change in expression of (1)44
core protein, as judged by immunohistochemical analysis using (1)44
domain-specific monoclonal antibodies. Expression of antisense exon 10

(v6) had no effect on HT29 tumor cell proliferation in vitro or the ability
of the cells to bind immobilized hyaluronan, but it resulted in a reduced
capacity to form liver mÃ©tastases in nude mice following intrasplenic
injection. MÃ©tastases were not detected in nude mice inoculated with
antisense (1)44 exon 10 (ve)-expressing cell lines after 4 months, against

a background of a 30% metastasis rate in the control HT29 parental and
vector alone transfected lines. Furthermore, whereas 82% of mice intra-

splenically injected with control HT29 parental and vector alone cell lines
developed tumors in incisional wound sites, none of the mice injected with
antisense exon 10 expressing HT29 cells developed similar tumors. This is
the first demonstration that antisense RNA can be used to selectively
inhibit expression of specific domains of a molecule generated through
alternative mRNA splicing while allowing expression of core domains to
remain unaffected. Furthermore, these results provide direct evidence for
a functional role of (1)44 variant isoforms in the metastasis of human
colorectal tumor cells and may suggest a critical role for (1)44 variants in
promoting cell growth specifically in the cytokine/growth factor-enriched

environment of a wound site.

INTRODUCTION

CD44 is a widely distributed transmembrane cell adhesion mole
cule that is the major cell surface receptor for hyaluronic acid ( 1) and
mediates cell-ECM3 adhesion and lymphocyte trafficking via the

lymph node high endothelium. Multiple high molecular weight CD44
isoforms are generated by alternative splicing of up to 12 exons
leading to the expansion of CD44s into a large family of molecules
with potentially diverse functions. Ten of these exons are present in
the proximal extracellular region, and two are found in the cytoplas-

mic extension. A common variant of CD44 that is expressed in
abundance by epithelial cells is composed of CD44s in combination
with exons 12-14 and is called CD44E. The other CD44 isoforms that
contain various combinations of alternatively spliced exons. collÃ©e-
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tively known as CD44v. are transiently expressed by activated lym
phocytes and show variable expression on cells of epithelial origin (2).

The direct association of CD44 splice variant expression with
tumor metastasis in an experimental animal model (3-5) has led to

investigation of the expression of CD44 variants in a range of tumors
of epithelial origin. Numerous studies have demonstrated an up-

regulation of CD44s and CD44v expression in colorectal (6), breast
(7), pancreatic (8). and gastric cancers (9) and in melanoma (10) using
RT-PCR and/or immunohistochemical analyses. The evidence points

to a potentially important function for CD44 isoforms in the metas
tasis of at least some human cancers. It is hypothesized that changes
in the alternative splicing pattern of CD44 mRNA may occur with
transformation of colonie tumor cells, and the consequent expression
of a range of CD44 variants allows a phenotypic advantage for tumor
cells in metastatic processes.

Expression of the CD44 variant CD44v6 (exon 10) has been di
rectly correlated with colorectal tumor progression to more advanced
stages by some investigators (6, 11). but this correlation has not been
consistently observed (12, 13). This variant domain is implicated in
conferring an aggressive, metastatic phenotype to rodent pancreatic
tumor cells (3) and is up-regulated during T-cell activation (14, 15).

The parallels between the trafficking of lymphocytes and processes
involved in tumor metastasis (16) may suggest an important func
tional role for the CD44v6 domain in the cell adhesion and prolifer-

ative steps of the metastatic process. However, few studies have
addressed the functional role of CD44 variants in metastasis and in
tumor cell proliferation. Experiments directed at blocking expression
of CD44s using blocking antibodies ( 17), antisense phosphoramidate-

modified oligonucleotides (18), or a ribo/.yme approach (19) show
that reducing overall CD44 expression can inhibit metastasis in ani
mal models or a step in the metastatic process in vitro. In contrast,
only one report exists of inhibition of a specific CD44 variant domain.
In this study, antibodies directed against CD44v6 prevented metasta
sis in a rodent model of pancreatic carcinoma (20).

Inhibition of gene expression using antisense RNA offers the po
tential to block specific gene expression within cells and may lead to
new therapies for human disease (21). Here, we have explored the
potential use of antisense RNA to inhibit CD44 variant domain
expression in human colorectal tumors. We provide evidence that
expression of antisense RNA directed at CD44 exon 10, which en
codes CD44v6, reduces the ability of colonie tumor cells to lodge and
proliferate in the liver of athymic nude mice. In addition, we identify
for the first time a role for CD44 variant domains in the growth of
tumor cells in the environment of a wound site.

MATERIALS AND METHODS

Cell Culture. HT29 colon adenocarcinoma cells (ATCC HTB 38) were
maintained in RPMI 1640 supplemented with 10% FCS. 60 /xg/nil penicillin,
and 100 ng/ml streptomycin at 37Â°Cin a humidified 5% CO, environment.

Cell viability was determined by trypan blue dye exclusion, and all cultures
were checked routinely and determined to be mycoplasma free.

DNA Constructs. CD44 exon 10 was amplified from human colon ade
nocarcinoma tissue RNA by RT-PCR. cDNA was synthesi/ed from 5 (xg of
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total RNA using avian myeloblastosis virus reverse transcriptase (Promega.
Madison. WI) in the presence of oligodeoxythymidylate|,_,s (Pharmacia Bio
tech, Uppsala, Sweden). Exon 10 was amplified from 1 /il of the reaction

mixture by PCR using the following forward and reverse primers, each
containing a Hindlll site: primer 10F, 5'-TCCAGGCAACTCCTAGTAGTA-
CAA-3'. and primer 10R. 5'-CAGCTGTCCCTGTTGTCGAATGGG-.V.

The PCR amplification conditions were: 4 cycles of denaturation at 94Â°C(2
min), annealing at 45Â°C(1 min), and extension at 72Â°C(2 min): 28 cycles of
denaturation at 94Â°C(30 s). annealing at 55Â°C(30 s), and extension at 72Â°C(2

min): and a final extension time of 7 min. The PCR product was purified and
cloned into the mammalian expression vector pRcCMV (Invitrogen. Carlsbad.
CA) at the Hindlll site generating pRcCMVExlOAS. DNA sequence analysis
showed that the plasmid contained two copies of CD44 exon 10 (22) in the
antisense orientation.

Generation of Stable Transfectants. HT29 cells (2 X IO6) in log phase

were mixed with 20 /xg of purified pRcCMVExlOAS plasmid DNA. or
pRcCMV vector alone, and electroporated at 250 mV and 960 jnF. Clones
resistant to 0.8 mg/ml G418 (Boehringer Mannheim. Mannheim. Germany)
were isolated and analysed for CD44v6 expression by immunohistochemistry
and Western blot analyses. Expression of the antisense exon 10 transgene was
monitored by RT-PCR.

RT-PCR. Total RNA isolated from transfectants and parental HT29 clones
was incubated in the presence of 20 mM Tris-HCI (pH 8). 50 mM KC1, 2.5 mM
MgCU and 1 unit of RNase-free DNase 1 (Promega, Madison, WI) at 37Â°Cfor

15 min. Following inactivation of the en/.yme. first-strand cDNA synthesis was

accomplished by the addition of oligodeoxythymidylate,,^,,. I x reverse tran
scriptase buffer [50 mM Tris-HCI (pH 8.3), 75 mM KCI, 3 mM MgCU and 1 mM

DTT], 20 units of RNasin (Promega). and 200 units Moloney murine leukemia
virus RNase H~ reverse transcriptase (Life Technologies. Inc.. Grand Island,

NY). After incubation at 37Â°Cfor 1 h. 2 units of RNase H (Life Technologies,
Inc.) were added, and the mixture was incubated at 37Â°Cfor an additional 20
min. The reaction was terminated by incubating the mixture at 95Â°Cfor 10

min. For detection of antisense exon 10, PCR amplification of the cDNA was
performed using the T7 forward primer (5'-TAATACGACTCACTATAGGG-
3'), the Sp6 reverse primer (5'-GATTTAGGTGACACTATAG-3'). and Am-

plitaq Gold Taq polymerase (Perkin-Elmer. Norwalk. CT). The PCR amplifi
cation conditions were: 35 cycles of denaturation at 95Â°C(45 s). annealing at
56Â°C (45 s), and extension at 72Â°C(2 min). Amplification products were

separated on 1.2% agarose gels, transferred to nylon membrane, and probed
with a '2P-end-labeled oligonucleotide specific forCD44 exon 10 (probe 10M.
5'-GGAACAGTGGTTTGGCAACAGATGG-3') comprising nucleotides

46-7()ofCD44exon 10 (21).
Exon-specific RT-PCR for detection of the range of CD44 variant isoforms

expressed by each transfectant was performed as described previously (13).
cDNA was amplified with different forward primers from each of the variant
exons (3F, 6F. 7F. 8F, 9F. 10F. 1IF, and 12F) and a common reverse primer
from exon 17 (17R). The primer sequences were the following: 3F, 5'-
TCCCAGTATGACACATATTGC-3': 6F. 5'-GATGAGCACTAGTGCTA-
CAGCAAC-3': 7F. 5'-GTACGTCTTCAAATACCATCTCAG-3'; 8F, 5'-
CAACCACACCACGGGCTTTTGACC-3': 9F. 5'-ATGTAGACAGAAAT-
GGCACCACTG-3': 10F,5'-TCCAGGCAACTCCTAGTAGTACAA-3': 1IF.
5'-CAGCCTCAGCTCATACCAGCCATC-3': 12F. S'-ATATGGACTCCA-
GTCATAGTACAA-3': and 17R, 5'-CCAAGATGATCAGCCATTCTGG-3'.

Amplification products were separated on 1.2% agarose gels and visualized

by staining with ethidium bromide. That the amplification products were
specific and contained amplified CD44 variant exons was confirmed by
Southern blot analysis using a radiolabeled plasmid probe containing CD44
exons 12-14 (pExl2-14; Ref. 13). Specific amplification products containing
CD44 exon 10 were also identified by Southern blot using a 12P-end-labeled

CD44 exon 10 oligonucleotide (probe IOM: see above).
In Vitro Cell Proliferation Assays. Cells were seeded into 7 X 96-well

tissue culture plates in triplicate at a density of 2 X IO3 cells per well, and

proliferation was monitored daily by MTT assay (23) over 7 days. For
measurement by MTT assay. MTT was added to a final concentration of 0.4
mg/ml per well and incubated for 4 h. Plates were centrifuged at 800 X g for
5 min, and the supernatant was removed. MTT crystals were dissolved in
DMSO. and the absorbance was measured at 570 nm.

Cellular Adhesion to Immobilized Hyaluronan. The wells of a 96-well

tissue culture plate were coated with 5 mg/ml potassium hyaluronate purified

from human umbilical cord (Sigma Chemical Co.. St. Louis. MO) and incubated
overnight at 4Â°C(24). Unbound hyaluronan was removed by extensive washing

with PBS (pH 8.5). and the wells were blocked by incubation for an additional 2 h
with 1% (w/v) BSA in PBS. Each cell line (5 X IO1 cells) was added to the

hyaluronan-coated (or BSA-coated control) wells and incubated at room temper

ature for 15 min. Nonadhering cells were removed by washing with PBS. Adher
ence to hyaluronan was assessed by staining with 0.2% crystal violet in 10%
formaldehyde for 3 min. After washing with PBS, cell bound-dye was eluted with

33% acetic acid, and the absorbance at 480 nm was measured.
Cellular Adhesion to Fibronectin, Luminili, and Collagen Type IV.

Cellular adhesion to fibronectin. laminin. and collagen type IV was assayed
using Cytomatrix Cell Adhesion Strips (Chemicon International, Inc., Te-

mecula. CA). The precoated strips were rehydrated in PBS for 15 min at room
temperature. Each cell line (5 X IO5 cells) was allowed to adhere at 37Â°Cfor

1 h. Nonadhered cells were removed by washing in PBS. and adherent cells
were quantitated by staining with crystal violet essentially as described above.

In Vivo Proliferation and Metastasis Assays. For measurement of in vivo
cell proliferation. 1 x 10'' viable cells suspended in 50 /Â¿Iof PBS were injected
s.c. into the flank site of 5-week-old athymic nude mice (BALB/c-m<+/t). The

mice were sacrificed before s.c. tumors exceeded a I-cm diameter (approxi

mately 30 days). Flank tumors were excised and weighed. Representative
samples from the liver, lung, and flank sites were preserved for histological
examination and fro/en in liquid nitrogen for mRNA and protein analyses.

For measurement of metastasis by intrasplenic injection assay (25). 5-week-
old athymic nude mice (BALB/c-m/+'+) were anestheti/ed by i.p. injection of

10 mg of xylazine/50 mg ketamine/kg body weight. A small cutaneous incision
was made in the left flank and carried down through the peritoneal wall. The
spleen was carefully exposed, and 2 x H)6 viable tumor cells in 50 /*! of PBS

were injected under the spleen capsule using a 30-gauge needle. Gentle

pressure was applied to the inoculation site until there was no visible sign of
bleeding. The spleen was then rinsed, returned to the peritoneal cavity, and the
abdominal wall and skin were closed with sutures. The spleens were removed

24 h later. The mice were sacrificed after 20 weeks, or sooner if moribund.
Liver and lung tissues were examined at autopsy for the presence of tumors
and preserved for histological examination by fixation in 10% buffered for
malin followed by paraffin embedding. Additional tissue samples were snap

fro/.en in liquid nitrogen for mRNA and protein analyses.
Immunohistochemistry. HT29 cell monolayers were grown to semicon-

tluence on Vectabond-treated slides (Vector Laboratories. Burlingame. CA).

washed in PBS at room temperature, and air dried for 2 h before being fixed
for 10 min in cold (â€”20Â°C)acetone. The slides were then air dried, wrapped
in plastic cling film, and stored at -20Â°C until stained. The slides were brought

to room temperature and rehydrated in TBS (pH 7.4). Endogenous peroxidase
activity was quenched by incubating the slides in 0.3% H,Oi and 0.1 % sodium
azide in TBS for 10 min. After thorough washing in TBS. the slides were
immersed in 4% commercial nonfat skim milk powder in TBS for 15 min to
inhibit nonspecific antibody binding before they were transferred to a humid
ified chamber. To block endogenous biotin-like activity, slides were incubated
with 0.1% avidin in Tris-HCI (pH 7.4). washed, and then incubated with 0.01%
D-biotin (DAKO Corp.. CarpinterÃa. CA). followed by an additional wash in

TBS. The slides were then covered with 10% normal (nonimmune) goat serum
for 15 min. Excess serum was decanted from the slides, and the primary
antibodies (1/100-1/500 dilutions) were applied. Antibody against human
CD44s or hematopoietic CD44 (F10-44-2) was purchased from Serotec (Ox

ford, United Kingdom). Antihuman CD44v6 (2F10) and antihuman CD44v3
(3C5; Ref. 2) were obtained from R&D Systems (Oxon, United Kingdom).
Incubation with primary antibodies was carried out for 16 h at 4Â°C.The slides

were washed thoroughly in three changes of TBS each for 5 min. Slides were
incubated for 15 min with biotinylated goat antimouse immunoglobulins
(Zymed. San Francisco. CA) followed by streptavidin-horseradish peroxidase

conjugate (Zymed. San Francisco, CA) for 12 min. Antigenic sites were
revealed by incubating slides in 0.05% 3,3'-diaminoben/.idine in Tris-saline

(pH 7.6) with H:O, as substrate. After washing in water, the slides were lightly
counterstained with hematoxylin. dehydrated through graded alcohols, cleared
in xylene. and mounted in DePeX. Negative controls were stained as above but
with TBS substituted for the primary antibody.

To quantitate levels of CD44v expression detected immunohistochemically,
a minimum of 500 consecutive cells per stained preparation were scored by
one observer (M. D. W.) using a microscope with a graticule eyepiece. Cells
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were categorized as being negative, having cytoplasmic staining only, or
having cytoplasmic staining with unequivocal cell membrane accentuation. A

qualitative estimate of average staining intensity was also recorded for each
preparation.

Statistical comparison of cell counts for CD44 expression were undertaken
between transfected and parental HT29 cells using the Z test for comparison of
proportions with adjusted Ps for multiple comparisons. The standard methods
for analysis such as ANOVA and x2 for two-way contingency tables detect any

differences in values, and using these tests, all differences become significant.
Therefore, to detect a biologically significant difference of 10% or more, we
have used multiple comparisons to compare two proportions \p, - p-, a 0.1

with adjusted P s.

RESULTS

Antisolisi' CD44 Exon 10 Expression in Colon Cancer Cells
Down-Regulates CD44v6. To investigate the biological functions of

CD44 variant isoforms and to determine whether CD44 isoform
expression may be regulated in vitro, an antisense transgene was
constructed containing two copies of CD44 exon 10 in an antisense
orientation under the control of the CMV promoter (diagrammed in
Fig. 1, top). HT29 colon carcinoma cells, which express the full range
of CD44 variant isoforms (see below), were transfected with this
transgene or vector alone, and stable cell lines were selected in the
presence of G418. Immunohistochemical analysis of CD44v6 expres
sion using domain-specific antiCD44v6 monoclonal antibodies

showed that 4 of 18 clones had reduced CD44v6 expression relative
to parental HT29 cells (data not shown). Two of these, HT29AS#4
and HT29AS#10, showed a marked reduction of CD44v6 expression,
indicative of high-level antisense expression.

CD44 exon 10 antisense transgene expression was detected by
RT-PCR in DNase 1-treated RNA isolated from the two antisense-

expressing cell lines, HT29AS#4 and HT29AS#10. Primers that
flanked the cloned insert but were not present in the wild-type mRNA

transcripts (see Fig. 1) were used to specifically amplify sequences in
the transcribed antisense mRNA. A Southern blot of the amplification
products probed with an exon 10-specific oligonucleotide is shown in

Fig. 1 (bottom). Control reactions were performed in the absence of
reverse transcriptase to exclude the possibility that the PCR amplifi-

Antisense CD44v6

410 bp

410 bp

CD44v6
control HT29AS#4 HT29AS310 HT29
plasmid DMA" RT+ RT - RT* RT ' Parent

1

Fig. 1. HT29 transfectants express CD44v6 antisense mRNA. Top, schematic diagram
of pRcCMVExlOAS showing the position of two tandem copies of exon 10 in an
antisense orientation. The locations of the T7 and Sp6 promoter sequences flanking the
insert are as shown. The 410-bp amplification product generated using T7 forward and

Sp6 reverse primers is indicated. Bottom, detection of mRNA transcripts containing the
CD44 exon 10 antisense transgene by RT-PCR. cDNA, which was synthesized from total

RNA isolated from parental HT29 cells and the antisense clones, was amplified using T7
and Sp6 primers. The reaction products were separated by agarose gel electrophoresis and
Southern blots probed with 32P-labeled oligonucleotide specific for CD44 exon 10 (probe

10M). Lane I. control plasmid containing CD44 exon 10; Lane 2. control reaction
performed in the absence of DNA; Lane 3, amplification of HT29AS#4 RNA; Lane 4,
amplification of HT29AS#4 RNA as in Lane 3, but performed in the absence of reverse
transcriptase; Lane 5, amplification of HT29AS#10 RNA; Lane 6, amplification of
HT29ASS10 RNA as in Lane 5, but performed in the absence of reverse transcriptase;
Lane 7, amplification of RNA isolated from parental HT29 cells.

cation product was generated from residual transgene DNA. The
specific 410-bp amplification product was detected in RNA isolated

from both HT29AS#4 and HT29AS#10 cell lines and was not present
following amplification of RNA isolated from parental HT29 cells or
in control reactions (Fig. 1, bottom). The antisense exon 10 mRNA
transcripts were likely present at low levels, given that they were not
detectable by Northern blot analysis.

Antisense CD44 Exon 10 Expression Does Not Abolish Expres
sion of CD44 Variant mRNA. To determine whether expression of
antisense CD44 exon 10 affected endogenous CD44 expression or the
range of CD44 variant isoforms present, cDNA prepared from RNA

isolated from parental HT29, HT29AS#4, and HT29AS#10 was an
alyzed by RT-PCR using exon-specific priming (13). This method

allowed identification of specific CD44 variant transcripts within a
total mRNA population. The technique only allows determination of
the exon composition of CD44 isoforms; the intensity of the bands
obtained is not a reliable indicator of abundance due to variation in
composition of primer sequences and nonlinearity of PCR amplifica
tion. PCR was performed using exon-specific forward primer 3F with

the reverse primer 17R (Ref. 13; see Fig. 2) to amplify the entire
alternatively spliced variant region, and the amplification products
were separated by gel electrophoresis (Fig. 3A, Lanes !). An identical
pattern was observed for each of the antisense clones HT29AS#4 (Fig.
3, middle) and HT29AS#10 (Fig. 3, bottom) as for the parental HT29
cells (Fig. 3, top). The sizes of the individual amplification products
were determined by comparison with DNA size standards. In all three
cell lines, the 3F/17R primer pair amplified a major band of approx
imately 880 bp (Fig. 3, Lanes 1), consistent with detection of the
variant domain v8-10 (exons 12-14) of the CD44E isoform (the most

abundant variant observed in cells of epithelial origin), and a minor
product migrating faster than the 603-bp standard, which likely rep

resents the CD44s transcript (predicted size, 485 bp). Diffuse, fainter
bands migrating more slowly than the major 880-bp amplification

product were also detected, and they likely represent the additional
isoforms containing splice variants. A faint product was detected at
approximately 1628 bp, which is the predicted size of the CD44
isoform comprising the full complement of variant exons within the
proximal extracellular region.

Fig. 3, Lanes 2-8, shows PCR products amplified using forward

primers 6F through 12F with the common reverse primer 17R. The
slowest migrating bands detected in each lane were consistent with the
sizes predicted if all exons downstream of each forward primer were
incorporated into the individual transcripts (see diagram, Fig. 2), i.e.,
CD44 exons 6-17 (1290 bp), CD44 exons 7-17 (1165 bp), CD44
exons 8-17 (1036 bp), CD44 exons 9-17 (925 bp), CD44 exons
10-17 (808 bp), CD44 exons 11-17 (679 bp), and CD44 exons 12-17

(547 bp). Faster migrating bands were also observed in Fig. 3, Lanes
2-8, and likely represent amplification of different isoforms display

ing discontinuous usage of variant exons that are not able to be
identified simply on the basis of transcript size ( 13). Identical banding
patterns were observed for the antisense transfectants HT29AS#4
(Fig. 3, middle) and HT29AS#10 (Fig. 3, panel) as for parental HT29
cells (Fig. 3, top).

Southern blotting of these gels and probing with an oligonucleotide
specific for CD44 exon 10 (Fig. 3ÃŸ)highlighted all variant transcripts
containing CD44v6 and revealed a pattern of expression that was
identical for both antisense transfectants, HT29AS#4 and
HT29AS#10, and the parental HT29 cells. These data demonstrate
that antisense CD44 exon 10 expression in HT29 cells does not
interfere with the overall pattern of alternative splicing of CD44
variant transcripts.
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transDiembrane
ammo-terminal proximal extracellular I cytoplasmic

Y <â€”>

EHHHH]â€¢¿�â€¢â€¢â€¢â€¢â€¢IIID-CK}
ExonNo. 1 23 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Variant domain v2 v3 v4 vS v6 v7 v8 v9 v10

Exon spÃ©culeprimers
3F 6F 7F 8F 9F 10F 11F 12F 17R

! --1036bp679bpS47hn

Fig. 2. Schematic representation of the genomic structure of the human CD44 gene. Q, constitutively expressed exons; â€¢¿�,exons capable of alternative splicing in the proximal
extracellular domain; â€¢¿�,polyadenylated regions. Only nine of the exons capable of alternative splicing in the proximal extracellular domain are expressed in humans. *, exon 10 (v6)
targeted by antisense RNA. Nomenclature for variant domains are as indicated. Positions of oligonucleotide primers used for exon-specific priming RT-PCR analyses are shown. Below

the primers are shown the predicted sizes of amplified variant regions if CD44 variant exon usage is continuous.

Expression of Antisense CD44 Exon 10 Reduces CD44v6 and
CD44v3 but not CD44 Core Protein Expression. To determine
whether expression of antisense CD44 exon 10 affected expression of
CD44 isoforms containing CD44v6, the variant domain encoded by

3F 6F 7F 8F 9F 10F 11F
DMA

12F STD 3F

A.

HT29

-1353
-1078
- 872
- 603

-1353
-1078
- 872
- 603

A.

HT29AS#4

B.

A.

HT29AS#10

B.

â€”¿�"*
â€¢¿�â€¢-^Â«â€”

_-1353-1078

-872-

603

-1353-1078

-872-

603

-1353
-1078
- 872

- 603

-1353
-1078
- 872

- 603

1 2 3 8 9 10

Fig. 3. The pattern of CD44 variant exon expression in HT29, HT29AS#4. and
HT29AS010 cells determined by exon-specific RT-PCR. cDNA obtained from RNA

isolated from HT29AS#4. HT29AS#10, and parental HT29 cells was amplified using
forward primers 3F, 6F, 7F, 8F, 9F. IOF. I IF, and I2F. respectively, and the reverse
primer 17R (Lanes 1-8). Lane 9. DNA standard c|>X174 RF digested with Hae\\\. Lane
10, control CD44E (exons 12-14) plasmid template amplified with primers 3F and 17R.

Amplification products were separated on 1.2% agarose gels. A. gels stained with
ethidium bromide and visualized by UV transiliumination. The same banding pattern was
obtained following Southern blotting and probing with pExl2-14 (13), which allows
detection of all CD44 variant isoforms. An additional erroneous band of approximately
600 bp is seen in some lanes, but it was nonspecific because it did not hybridize to
pExl2-14 following Southern blot hybridization (data not shown). B, Southern-blotted

gels of A probed with a radiolabeled oligonucleotide specific for exon 10 (primer 10M).

exon 10, cultures of parental HT29, HT29AS#4, and HT29AS#10 cell
lines were examined by immunohistochemistry. Stained preparations
were assessed quantitatively for evidence of membrane and cytoplas
mic immunoreactivity, and the results are summarized in Table 1.
HT29 cells stained with an antibody specific for the CD44v6 domain
(2) showed strong cytoplasmic staining with accentuation of cell
membranes in approximately 90% of cells (Fig. 4, D and M). In
contrast, antisense CD44 exon 10-expressing HT29AS#10 (Fig. 4, E

and N) and HT29AS#4 (Fig. 4, F and 0) cells demonstrated complete
loss of staining in about a quarter of cells, and an additional one-third

of cells showed only cytoplasmic reactivity. Membrane accentuation
was observed in only 35% of CD44AS#10 and 47% of CD44AS#4
cells, compared with 93% in parental HT29 cells. The average inten
sity was also appreciably reduced in the two antisense clones.

The effect of expression of antisense CD44 exon 10 on overall
CD44 isoform expression (CD44s + CD44v) was examined using an
antibody directed against the conserved NH, terminus of the CD44
molecule (anti-CD44 core). As shown in Fig. 4, parental HT29 cells
(Fig. 4A), as well as the antisense exon 10-expressing HT29AS#10

(Fig. 4ÃŸ)and HT29AS#4 (Fig. 4Q cells, showed a similar pattern of
cytoplasmic staining with strong membrane accentuation. When the
cells were stained with an antibody directed against a second CD44
variant domain, CD44v3, a marked reduction in both cytoplasmic and
membrane staining was observed for both HT29AS#10 (Fig. 4H) and
HT29AS#4 (Fig. 47) compared with the parental HT29 cells (Fig. 4G),
similar to that observed with anti-CD44v6.

These data showed that expression of antisense exon 10 down-

regulated CD44v6 expression with a concomitant negative influence
on expression of other CD44 variant domains but did not markedly
affect expression of core CD44 molecules. The mechanisms involved
in this selective suppression of CD44v are not known. Transcriptional
blockade/inhibition might be expected to result in truncated variants,
including species that are not membrane bound (or lack the trans-

membrane domain). However, no truncated variants could be detected
in either cells or conditioned media by selective immunoprecipitation
experiments (data not shown).

Expression of Antisense CD44 Exon 10 Does Not Affect the
Affinity of HT29 Cells for ECM Proteins in Vitro. Isoforms of
CD44 containing v6 have been shown to participate in binding to
immobilized hyaluronan (26, 27), an ECM component that modulates
cell adhesion, locomotion, and proliferation (28). To investigate
whether down-regulation of CD44v6 by expression of antisense CD44
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Table 1 Quantilation of immunohistochemical staining for CD44 and CD44v
expression in wild-type and anti-sense transfectants"

CloneHT29HT29AS#4HT29AS#IOCD44antibodyCD44SCD44v6CD44v3CD44s

CD44v6
CD44v3CD44S

CD44v6
CD44v3n"502516502500

600
599502500

500%

negative0%0%0.2%10.2%

22.3%^
30.6%''3.2%

29.4%''
36.0%''%

cytoplasmic
only5.0%7.2%8.0%12.6%

30.9%''
27.2%''9.2%

35.4%''
20.4%c%

membrane
accentuation95.0%92.8%91.8%77.2%''

46.8%rf
42.2%rf87.6%

35.2%rf
43.8%''Staining

intensity+

+++
+++
+++
+

+ to + +
+ to +++

+
+ to + +
+ to + +

" A difference of > 10% between the number of cells under each condition for each
transfectant versus parental HT29 is considered biologically significant (see "Materials
and Methods").

Number of cells scored.
' P < 0.05.
d P < 0.005.

exon 10 may modulate the binding of HT29 cells to hyaluronan,
parental HT29, vector-alone transfectant HT29CMV, and antisense

HT29AS#4 and HT29AS#10 cells were assayed for binding to im
mobilized hyaluronan. As shown in Table 2, no significant difference
in hyaluronan binding was observed between the antisense exon 10
expressing clones and the HT29 and HT29/CMV control cells. As
CD44 variant domains have also been implicated in binding to other
components of the ECM, including fibronectin, laminin, and collagen
type IV, the panel of transfectants was tested for altered adhesion to
each of these matrix components. No significant difference between
the antisense CD44 exon 10-expressing clones and the control cell

lines was detected (Table 2). These data do not demonstrate a specific
role for CD44v domains in HT29 cell-binding to these ECM proteins,

but rather they suggest that other cell adhesion molecules, including
CD44s, expressed by HT29 cells likely participate in adhesion to these
substrates.

Effect of Antisense (1)44 Exon 10 Expression on Colonie Tu
mor Metastasis in Vivo. A nude mouse intrasplenic injection
model of hepatic metastasis (25) was used to examine the effect of
expression of antisense CD44 exon 10 in HT29 cells on colonie
tumor metastasis to the liver. Four groups of 8-12 mice each were

inoculated directly into the spleen with antisense CD44 exon
10-expressing cells, HT29AS#4 and HT29AS#10, or the control
HT29 parental and HT29CMV vector-alone cells, as described in
"Materials and Methods." From the spleen, the cells migrate

through the portal vein to the liver where the metastatically com
petent cells lodge and proliferate. After 24 h, the spleen was
removed, and tumor development was allowed to proceed for up to
20 weeks. HistolÃ³gica! examination showed evidence of liver
tumors consistent with colon adenocarcinoma mÃ©tastasesin 6 of 17
of the control mice (Table 3). In contrast, 21 mice injected with
HT29 cells expressing antisense CD44 exon 10 showed no evi
dence of tumor growth in the liver. Statistical analyses demon
strated a significant difference in the incidence of liver tumors in
the combined control groups compared with the incidence of liver
tumors in the antisense CD44 exon 10 transfectants
(HT29 + HT29/CMV versus HT29AS#10, P = 0.03, Fisher's

exact test) and a strong trend for HT29AS#4 (HT29 + HT29/CMV
versus HT29AS#4, P = 0.053, Fisher's exact test). These data

show that down-regulation of CD44v6 through expression of an

tisense exon 10 affects the metastatic process and indicates a
biological role for CD44 variant expression in the establishment of
tumor mÃ©tastasesin the liver.

Effect of Antisense CD44 Exon 10 Expression on Tumor
Growth in the Wound Environment. Tumor development at the
incision site in the nude mouse intrasplenic injection model occurs

frequently with HT29 cells, whereas other colonie tumor cell lines
used with this model do not form similar tumors (data not shown).
Such incision sites represent a complex environment due to the onset
of tissue remodeling and wound repair (29). Tumor growth at inci-

sional wound sites was detected in a number of parental HT29 and
HT29CMV control mice as early as 5 weeks after surgery. After 20
weeks, 14 of 17 of the control mice developed histologically con
firmed tumors at these sites. In contrast, no evidence of tumor growth
was detected at incisional wound sites of 21 mice injected with
antisense exon 10-expressing cells HT29AS#4 and HT29AS#10. The

difference in the incidence of tumor formation at incisional wound
sites between mice injected with the antisense exon 10 expressing
clones and the control HT29 cells was significant (HT29 versus
HT29/CMV, P = 0.21; HT29 versus HT29AS#4, P = 0.01; HT29
versus HT29AS#10, P = 0.02, Fisher's exact test). These data dem

onstrate a novel effect of down-regulation of CD44v6 through expres

sion of antisense exon 10 on tumor growth in the environment of the
wound.

Effect of Expression of Antisense ('1)44 Exon 10 on Tumor

Proliferation in Vitro and in Vivo. Alternatively spliced isoforms of
CD44 are associated with proliferating cells both in normal mucosa
and colon tumor tissues (2, 13). The reduction in tumor development,
both in the liver and at incisional wound sites in mice inoculated with
antisense exon 10-expressing cells, suggested that CD44v6 played a

functional role in tumor cell proliferation. To investigate this further,
in vitro growth rates of antisense exon 10-expressing clones,

HT29AS#4 and HT29AS#10 cells, and control cell lines were mon
itored by MTT assay over the course of 7 days. Growth rates for each
of the cell lines were similar (data not shown), indicating that reduc
tion of CD44v6 did not influence the growth of HT29 cells in vitro.
In vivo cell proliferation was investigated by s.c. injection of antisense
exon 10-expressing clones HT29AS#4 and HT29AS#10 and control

cells into the flanks of nude mice (eight mice per group). Tumors
developed rapidly at the injection sites in all groups of mice. After 4
weeks, the animals were sacrificed, autopsied, and the excised tumors
were weighed. Lung tumors developed in only one mouse (from the
parental HT29 group). As shown in Table 4 and consistent with the
proliferation data obtained in vitro, there was no significant difference
in the growth of tumors in mice injected with control HT29 cells and
the antisense transfectants HT29AS#4 and HT29AS#10 (HT29 versus
HT29/CMV, P = 0.17; HT29 versus HT29AS#4, P = 0.46; HT29
versus HT29AS#10, P = 0.92; HT29/CMV versus HT29AS#4,
P = 0.17; HT29/CMV versus HT29AS#10, P = 0.12, Mann-Whit-
ney-Wilcoxon rank sum test). These data demonstrate that the effect

of expression of antisense exon 10 on tumor cell growth in the
incisional wound site is unlikely due to an effect on cell proliferation
per se but is likely associated with a phenomenon associated with
tissue repair and cell growth specific to the wound environment.

DISCUSSION

The events that lead to the formation of mÃ©tastasesare not well
understood. Expression of CD44 variant isoforms have been associ
ated with human colorectal cancer progression (6, 11), but their role
has not been previously demonstrated directly by functional studies.
Here, we have investigated the effect of interfering with alternative
splicing of CD44 using an antisense strategy specifically to down-

regulate CD44v6 expression in colon carcinoma cells. We demon
strate that expression of antisense exon 10 down-regulates isoforms of

CD44 containing v6 and reduces the capacity of HT29 cells to form
liver mÃ©tastases.In addition, expression of antisense exon 10 sup
pressed growth of tumors in abdominal incision sites.

The metastatic process is a multistep cascade of events, and in vitro
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N
Fig. 4. Photomicrographs of immunohistochemical staining of parental HT29. HT29AS#4. and HT29ASÃ•IO cell cultures. A-C. cells stained with monoclonal antibody FIO-44-2

directed against a core domain of CD44: D-F and M-O. cells stained with monoclonal antibody 2F10 directed against CD44v6: C-l. cells stained with monoclonal anlibody 3C5
directed against CD44v3; J-L. negative controls in the absence of antibody. For A-L, the original magnification was X 120: for M-O. the original magnification was X300.

and in vivo models were used in an attempt to identify specific events
in which CD44v isoforms may have a role. The intrasplenic injection
model of liver metastasis tests the "downstream" events of metastasis,

principally lodgement, host organ invasion, proliferation at an ectopie
site, and angiogenesis. Because no animals in the groups that received
antisense exon 10-expressing cells demonstrated any evidence of

metastatic involvement on careful histological sectioning, it is not
possible to identify which of these specific events are likely to be
mediated by down-regulation of CD44v in this experiment. However,

the finding of a reduction in tumor growth of CD44 exon 10 antisense
transfectants in abdominal wounds, together with unaltered prolifer
ation of these cells in s.c. sites, suggests at least a site-specific role for

CD44v isoforms in HT29 cell proliferation.

These studies have shown that antisense transgenes can be used to
target specific domains (exons) of an alternatively spliced molecule,
without substantially affecting expression of core domains. This is a
novel finding and highlights the potential of antisense technology as
a tool for exploring functional aspects of alternatively spliced genes
generally. The successful use of antisense technology in this experi
ment was demonstrated by the presence of the antisense mRNA in the
transfectants by RT-PCR and the marked reduction in expression of

the CD44v6 domain on the cell surface. Two copies of CD44 exon 10
were incorporated into the transgene, thereby increasing the cellular
level of antisense sequences available to hybridize with the target,
which may have enhanced the efficiency of target suppression. The
effects were specific for CD44v, because core CD44 protein expres-
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Table 2 Antisense exon 10 transfectants do noi show alÃ®eredbinding lo extracellular matrix proteins

Attachment (A4mnm)"CellsHT29

HT29/CMV
HT29AS#4
HT29AS#10Hyaluronan0.908

Â±0.14
0.955 Â±0.13
1.178 Â±0.25
1.077 Â±0.29Fibronectin1.136

Â±0.10
0.863 Â±0.11
1.632 Â±0.23
1.114 Â±0.21J

.Klimm1.469

Â±0.02
1.266 Â±0.21
1.388 Â±0.06
1.506 Â±0.01Collagen

typeIV2.532

Â±0.01
2.504 Â±0.04
2.634 Â±0.04
2.536 Â±0.08Collagen

typeI2.472

Â±0.06
2.464 Â±0.01
2.484 Â±0.03
2.383 Â±0.01Vitronectin1.988

Â±0.05
1.498 Â±0.11
1.910 Â±0.07
1.550 Â±0.04

' Results are representative of at least two independent experiments. Values are the average of duplicates Â±SE. A, absorbance.

Table 3 Effects of reduced CD44r6 expression on tumor metastasis in vivo

CloneHT29HT29/CMVHT29AS#4HT29AS#10Numberof mice(n)98912Liver

tumors"(20

weeks)3300Tumors
inincisionalwound

site* (20weeks)6800

" The differences between the incidence of liver tumors in the combined control groups

compared with the incidence of liver tumors in mice injected wilh each of the antisense
CD44v6 iransfectanis are: HT29 + HT29/CMV versus HT29AS#4. P = 0.053. and
HT29 + HT29/CMV versus HT29AS#10. P = 0.03. Fisher's exact tesi.

' The differences between the incidence of tumors in the incisional wound site (wound)

between the parent HT29 cells and the incidence of liver tumors in mice injected with each
of the antisense CD44v6 transfectants are: HT29 irruÃs HT29/CMV. P = 0.21; HT29
versus HT29AS#4. P = 0.01; and HT29 versus HT29AS#10. P = 0.02. Fisher's exact

test.

sion could be demonstrated in the transfectants. Interestingly, reduc
tion in expression of the CD44v6 domain also led to reduced expres
sion of other CD44 variant domains, as evidenced by the down-

regulation of the v3 domain in the antisense exon 10 transfectants.
Thus, although the biological effects observed in the present study are
clearly associated with a reduction in CD44v expression, they may
reflect reduction of CD44v6 and/or associated down-regulation of

other domains in the proximal extracellular region of the CD44
molecule.

Reduced CD44v6 protein expression was observed despite no ap
parent change in the pattern of expression of mRNA transcripts
containing CD44 exon 10 in the HT29 antisense transfectants as
assessed by exon-specific RT-PCR. However, detection of mRNA by
RT-PCR is only semiquantitative and may not reflect absolute mRNA

levels. Nevertheless, the data suggest that a block at the level of
translation has occurred rather than a specific degradation of CD44
exon 10 RNA-RNA hybrids, as has been previously postulated (21,

30). These findings have implications for the understanding of mech
anisms of antisense RNA inhibition of gene expression.

Isoforms of CD44 contribute to tumor behavior through interac
tions with multiple matrix ligands. CD44 is the principal hyaluronan
receptor and is also a core protein of proteoglycan receptors for ECM
components such as fibronectin and collagen (31, 32). However, not
all cells that express CD44 bind hyaluronan, and several binding
interactions appear to require glycanated CD44 and the presence of
isoforms containing the variable proximal extracellular domain. The
data presented here confirm the ability of HT29 cells to bind hyalu
ronan and suggest that hyaluronan binding is not affected by reduced
expression of CD44v6. However, because core CD44 is expressed in
relative abundance by the transfectants, altered hyaluronan binding
exhibited by specific reduction in expression of CD44v6 isoforms
may have been masked. Nonetheless, because in these experiments
antisense exon 10-expressing clones did not show altered hyaluronan,

fibronectin, laminin, or collagen type IV binding in vitro, it is likely
that the reduced ability of the clones expressing antisense CD44 exon
10 to form liver mÃ©tastasesis not related to binding to these matrix
proteins. That hyaluronan binding is not critical for metastasis is
consistent with findings of Sleeman et al. (33), who report that
expression of hyaluronidase in metastatic rat BDX2 cells did not alter

their metastatic phenotype. Thus, it appears that an alternative mech
anism must account for the loss of the metastatic phenotype in the
antisense CD44v6-expressing clones.

A clue to the possible mechanism may lie in the observation that
expression of antisense exon 10 did not alter HT29 cell proliferation
in vitro nor in a s.c. in vivo model of proliferation, but had a marked
effect on tumor growth at the abdominal wound site. This suggests
that the effect of down-regulation of CD44v6 is dependent on specific
interactions within the tissue milieu, and that its growth-promoting

effects are site specific. This is consistent with previous observations
that CD44v6 expression is observed on colonocytes at the normal
crypt base (2, 13), a site of rapid cell proliferation, and not at the
epithelial surface. CD44v6 expression is also observed at the advanc
ing growth margin of invasive tumors (13) and by lymphocytes
undergoing donai expansion in lymphoid tissue (14). Fresh tissue
wounds are a complex environment of activated, mobilized, prolifer
ating diverse cell types in a "soup" of ECM components, growth

factors, and cytokines (29), one or more of which may stimulate
proliferation of HT29 cells via CD44v6. Potential sites in the CD44
molecule for this mediation have been recently described. Proteogly-
cans have been shown to act as reservoirs and presenters of GAG-
binding growth factors, cytokines, and chemokines (34, 35). A GAG-

binding consensus sequence exists in CD44 exon 7 (v3; Ref. 36), and
when modified with heparan sulfate, it binds basic fibroblast growth
factor, heparin-binding epidermal growth factor (35), and possibly

hepatocyte growth factor (37). It is conceivable that sequestrated
growth factors may be made available for presentation to specific
receptors on the tumor cell surface or other elements in the tissue
matrix. The potential role of CD44v6 or other CD44v in these events
can at present only remain a subject of conjecture. It is possible that
loss of the CD44v6 domain may alter the structure of the CD44
molecule such that GAG modification or GAG binding of growth
factors is prevented. Alternatively, loss of the v6 domain may alter the
structure of CD44 such that it is susceptible to a negative regulatory
factor. The cytokine osteopontin (ETA-1), which induces chemotaxis,

has recently been identified as a ligand of CD44v isoforms (38).
Given the structural diversity of the CD44 variant isoforms, it is likely
that other ligands capable of regulating CD44 function exist and have
yet to be identified. It is therefore possible that the CD44v6 domain
binds an as-yet-undefined ligand that mediates its function in metas

tasis.

Table 4 Effects of reduced CD44v6 expression on s.c. tumor growth in vivo

Tumor weight (mg)"

CloneHT29HT29/CMVHT29AS#4HT29AS#10Numberof mice(n)8888Median98175147254IQR''288139338360

" No significant differences between parental HT29 and HT29AS#4 and HT29AS#IO

antisense iransfectanis were found (HT29 versus HT29/CMV. P = 0.17: HT29 versus
HT29AS#4. P = 0.46; HT29 versus HT29AS#10. P = 0.92; HT29/CMV versus
HT29AS#4. P = 0.17: and HT29/CMV versus HT29ASOIO, P = 0.12, Mann-Whitney-
Wilcoxon rank-sum test).

* IQR. interquartile range.
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CD44 is a heavily glycosylated molecule, and several potential
glycosylation sites are present throughout the variant domain. Glyco-

sylation may also be relevant to the potential for CD44 to mediate
metastasis. Specific carbohydrate moieties have been shown to con
tribute to the function of a number of adhesion molecules. Sialylation
regulates the ability of neural cell adhesion molecule to mediate
homotypic aggregation (39), and binding of the integrin Mac-1 to an
immunoglobulin-like cell adhesion molecule is regulated by AMinked

oligosaccharide chains of the latter (40). CD44v6 has been shown to
carry H antigenic determinants in the rat colon adenocarcinoma cell
PROb, and fucosylation of the CD44 molecule carried by PROb cells
correlates with tumor progression (41). Reduced expression of
CD44v6 in the antisense clones may modulate the function of the
CD44 molecule by altering potential glycosylation sites.

The results of these studies have potential clinical implications.
Currently, metastatic tumor growth in the liver is the major reason for
treatment failure in patients with colorectal carcinoma. That CD44v6
is expressed in 84% of all colorectal cancers (13) irrespective of the
stage in progression at which expression is first detected suggests that
in this group of patients at least, CD44v6 may represent a target for
therapeutic intervention. In addition, recent technological advances in
minimal-access and laparoscopie surgery have permitted these surgi

cal techniques to be applied to the treatment of colorectal cancer. The
finding of ectopie tumor growth in wounds used for laparoscopie ports
in these operations is a factor that potentially may limit the wide
application of laparoscopie technology to colorectal cancer surgery
(42). A better understanding of the mechanisms of tumor implantation
and growth in this setting will be important in the future application
of this technology to the treatment of colorectal cancer.
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