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ABSTRACT

The activated oncogene c-Ha-ras induces expression of the surface gly-

coprotein CD44 in cloned rat embryonic fibroblasts (CREF). Induction is
transcriptional as shown by transient cotransfections of c-lla-ras expres

sion constructs and CD44 promoter reporter gene constructs and depends
on the presence of an VI'-1 binding site at position -110. Increased tran

script levels for the standard isoform of CD44 (CD44s) are accompanied
by the appearance of alternatively .spliced RNAs and the synthesis of
variants of CD44 (CD44v). These CD44v molecules differ from the stan
dard type by the addition of sequences in the extracellular portion of the
molecules. The occurrence of CD44v molecules in CREF cells upon in
duction of the (1)44 promoter is probably due to leakiness of the splice
control in these cells since stable transfection with c-Ha-ras does not alter

the CD44v/total CD44 ratio. Upon ras overexpression, however, using an
inducible mouse mammary tumor virus-rax construct, a transient increase
of CD44v/total ( '1)44 ratio of 3â€”4has been determined suggesting that a

burst of ras expression, in the genetic background of CREF cells, influ
ences both promoter activity and splice control or accuracy. The expres
sion of CI)44v proteins is responsible for the metastatic potential in a
variety of tumors (U. Gimthert et ai. Cell, 65: 13-24, 1991 ). Also in CREF
cells expression of CD44v correlates with metastatic behavior, ros-trans-

fected CREF cells are not only fully transformed but also give rise to
metastatic spread as measured in the spontaneous metastasis assay. The
.nliiiuMi.il oncogene EIA counteracts rav-induced promoter function and,

consequently, inhibits metastalic behavior without extinguishing transfor
mation.

INTRODUCTION

Activation and overexpression of ras are not only critical steps in
carcinogenesis but have also been suggested to be responsible for the
acquisition of invasive and metastatic properties (1,2). In most cases
of in vivo carcinogenesis, ras activation is one of the first events in
cellular transformation (3, 4) suggesting that several other steps in
addition to ras activation must occur prior to the appearance of met
astatic behavior. However, upon transfection into and expression of
ras in either one of several cultured cell lines, invasiveness and
metastatic behavior were enhanced at a frequency that suggests direct
action (5, 6). For instance, ra.v expressed in CREF5 cells moderately

increased metastatic behavior in the spontaneous metastasis assay (6).
We have made use of this latter system and explored the expression of
a recently discovered metastasis marker, a variant of the surface
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glycoprotein CD44 (7, 8). Metastatic behavior in CREF cells is indeed
correlated with the expression of variants of CD44. Moreover, upon
ras synthesis under the control of a hormone-inducible promoter,

CD44 promoter activity is elevated and splice control is transiently
disturbed.

MATERIALS AND METHODS

Cell Culture. The rat pancreatic carcinoma cell lines BSp73AS and
BSp73ASML (9) were grown in RPMI 1640, the 13762NF derivatives ( 10) and
the SV40 transformed human t'ihrnhlast line GM637 (obtained from National

Institute of General Medical Sciences. Camden. NJ) were grown in Dulbecco's
modified Eagle's medium, and the CREF cell line and its derivatives (11) were

grown in Eagle's minimal essential medium in 5 HIMsodium hydroxyethyl-

properazine-/V'-ethanesulfonic acid. pH 7.4. All media were supplemented

with 10% fetal calf serum, 2 HIMu-glutamine, and antibiotics.
CREF/MMTV-I.TR-ra.v Cells. CREF cells were cotransfected with the

hygromycin-resistance plasmid phph (12) and a MMTV-LTR-ra.v construct
(13). Transfectants were selected in Eagle's minimal essential medium. 10%

fÃªtaiscalf serum, and hygromycin (300 ug/ml). Individual clones were isolated
and analy/ed tor integration of MMTV-l.TR-ra.v DNA. Positive clones were

then screened for rtis expression upon induction with dexamethasone hy both
Northern analyses and Western analyses using ras-specific polyclonal rahbit

antibodies kindly provided by J. Feramisco and A. SchÃ¶nthal. A clone was
selected that showed no detectable ra.v expression in the uninduced condition
and levels comparable to the c-Ha-ra.v-stably transfecled CREF cells after

treatment with dexamethasone.
Metastasis Assays. For the experimental metastasis protocol. I x IO5cells

were injected into the lateral tail vein. All cell preparations used in animal
experiments were carefully prepared as single cell suspensions with 94-98%

viability determined hy trypan blue exclusion. The animals were monitored
daily and sacrificed when becoming moribund. Lung colonies were determined
by serial sections and microscopic evaluation. Animals that had not developed
signs of disease within 180 days (nude mice) or 270 days (syngeneic rats),
respectively, were considered negative. We consider that the experimental
assay measures the ability of cells to survive transport in the blood stream, to
extravasate, and to develop tumor foci. It differs from a simple tumorigenicity

assay.
For the spontaneous metastasis protocol, 1 x IO6cells were injected into the

right flank. Alternatively, 5 x IO4 cells were enmeshed in alginate beads and

implanted s.c. in the tail (14). The development of tumors was monitored.
Animals were sacrificed when becoming moribund and overt lung mÃ©tastases
were scored. In those cases where overt mÃ©tastaseswere not detected, at least
three animals were carefully examined for micrometastases following paraffin-

embedded sectioning and hematoxylin and eosin staining. No metastatic foci
were detected. We avoided excision of primary tumors in metastasis assays
since this procedure has the potential of artificially allowing metastasis to take
place. The observation period was as described above.

Other Methodology. The monoclonal antibody 1.1ASML and the comple
mentary DNA probes used have been described previously (7). RNA and
protein blot analyses, polymerase chain reaction amplification. DNA transfec-

tions, and DNA sequencing were performed according to standard protocols
and have been described (7).
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ras INDUCTION OF METASTASIS-SPECIFIC VARIANTS OF CD44

Table I Influence of ras and adeno" EIA <EIB) on lumorigenic properties of CREF cells
Anchorange-independent growth in soft agar was determined as described (II). Briefly. 5 x IO4 cells in Eagle's minimal essential medium plus 12.5 imi sodium hydroxyethyl-

properazine-W-ethanesulfonic acid (pH 7.4), supplemented with 10% fetal calf serum, in 0.4% agarose were seeded on top of a base layer prepared in the same medium with 0.8%
agarose. Cells were fed once per week with medium containing 0.4% agarose. The number of colonies (>0.1 mm diameter) was counted after 3-4 weeks. +, more than 100. Tumorigenic
potential was determined in athymic nude mice and syngeneic Fischer rat strain 344. One x 10ft cells in 0.3 ml phosphate-buffered saline were injected supraclavicularly into

3-4-week-oId female nn/nu athymic mice or s.c. into the right flank of 4-6-week-old female Fischer rats. Animals were monitored 3 times per week tor the presence of palpable tumors.
All cell preparations were carefully prepared as single cell suspensions with 94â€”98%viability determined by trypan blue exclusion. For experimental metastasis assays, I x K)-**cells

were injected into the lateral tail vain. The animals were monitored daily for signs of disease and lung colonies determined by serial sections. For spontaneous metastasis assays, 1 x
IO6 cells were injected into the right flank (SCF). Alternatively 5 x IO4 cells were enmeshed in alginate beads and implanted s.c. in the tail (SCT) (14). The development of tumors

was monitored and overt lung mÃ©tastaseswere scored at sacrifice.
Statistical evaluation by the Fisher-Yates test (29) of the differences in numbers of animals with lung mÃ©tastasesin syngeneic rats upon injection of CREF cells, CREF/v-Ha-nw cells

or CREF/c-Ha-ra.v* cells, SCF or SCF, revealed that they are at least 95% significant. Comparison of adenoviral EIA transfectants revealed that only the difference between
CREF/v-Ha-ra.v (2 of 6) and CREF, Adeno El A/EIB/v-Ha-ra.v (0 of 6) is noi significant (<95%); all other differences are at least 95% significant.

Tumori genie ity Lung mÃ©tastases

Nude mice

CelllineCREFCREF/v-Ha-ra.vCREF/c-Ha-ra.s*CREF.

AdenoEIA/EIBCREF.
AdenoEIA/EIB/\-Ha-rasCREF.
Adeno ElA/EIB/c-Ha-ras*Growth

in
soft agar Nudemice0/18+

6/6+
12/12+
0/18+
6/6+

12/12Syngeneic

rats0/189/912/120/189/912/12Tailvein0/126/612/120/126/612/12SCF0/183/312/120/180/60/12TTailvein0/126/612/120/126/612/12frSCF0/182/65/120/180/60/12SCT0/64/58/80/60/60/12

" Adeno EIA, adenoviral EIA', " c-Ha-ra.v*. T24 activated e-Ha-ras.

RESULTS

Metastatic Properties of /-Â¿Â»-transformedCREF Cells. CREF

are not tumorigenic as defined by the standard assay system [180 days
in nude mice and 270 days in syngeneics (14)]. Transfection with the
activated form of c-Ha-ras (T24) (15, 16) or with viral Ha-ras (17)

gives rise to transformed clones that are tumorigenic and, without
prior I'Mvivo selection, metastatic in the tail vein assay (experimental

metastasis protocol) (6) (Table 1). For instance, 1 x 10s injected cells

(activated c-Ha-ras)/animal suffice to colonize the lungs in 12 of 12

animals. The ras transformants show, in addition, a moderate degree
of metastatic behavior by spreading from a s.c. site of injection or
implantation (spontaneous metastasis assay) to lymph nodes (not
shown) and lung (Table 1). Upon s.c. injection of 1 X IO6 viable

tumor cells into nude mice, the c-Ha-ras transformants metastasized

in all animals [12 of 12 (Table 1)]. Upon s.c. injection into syngeneic
rats, only a fraction of the animals developed lung mÃ©tastases[5 of 12
(Table 1)]. The efficiency of metastasis formation was higher upon s.c.
implantation into the tail than after injection into the flank (Table 1).
The s.c. tail assay allows the animals to carry a tumor burden for an
extended period and increases the chances of overt mÃ©tastasesto form
(20-30 days, s.c. flank, versus 50-100 days, s.c. tail). The more

efficient spontaneous metastasis formation in nude mice probably
reflects the lower growth rate (6-8 days doubling time in nude mice
versus 3-4 days in syngeneic animals). An immunological component

cannot, however, be ruled out.
Transfection of the adenoviral gene E1AIEÃŒBled to cellular trans

formation of CREF cells [as measured by growth in soft agar (Table
1)], but the transformants were not tumorigenic in animals, neither in
nude mice nor in syngeneic rats, and were not metastatic. Introduction
of EIA/EIB into fro-transformed CREF cells abolished spontaneous

metastasis formation into the lung. The development of mÃ©tastases
upon i.v. injection was not influenced (Table 1). EIA/EIB obviously
inhibits a process that is not limiting in hematogenic lung coloniza
tions (i.v. injection protocol). Some parasacral lymph node mÃ©tastases
were found after s.c. tail implantation (not shown). Since we have no
detailed kinetic study of their formation, we cannot define at which
stage EÃŒAIEÃŒBinterferes.

ras-transformed CREF Cells Express CD44s and CD44v. Sev

eral biochemical functions are probably required to convert locally
growing tumor cells into metastatic tumor cells. The most recently
discovered property concerns the surface expression of CD44 and its
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Fig. 1. ras induces CD44 expression. Various cell lines were examined for CD44 RNA
expression. Polyadenylated RNA was prepared and 3 ug were loaded per lane. After size
fractionation on an agarose gel the RNAs were blotted onto Hybond N membrane and
hybridized to either a CD44v-specific probe (sequences of pMetal from positions 941 to
1108 (7)] or. after stripping the filter of radioactivity, to a CD44s probe (sequences of
pMetal from positions 1403 to 1765 (7)). Further rehybridizations were done with probes
specific for Ha-raj |2.9-kilobase (kh) Sad fragment of pEJ (16)1 and glyceraldehyde-
phosphate dehydrogenase (GAPDH) ( I..Vkiloba.se Pst\ fragment from pGAPDH-13 (27)].
polyadenylated RNA was prepared from: Lane A, BSp73AS cells (9); faine B,
BSp73ASML cells (9); Lane C. cloned rat embryo fibroblasts (CREF. 11); Lane D, clone
of CREF cells stably transfected with v-Ha-ras (28); Lane E. clone of CREF cells stably
transfected with activated c-Ha-rav (T24) (28).
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Fig. 2. CD44v proteins are synthesized upon ras expression. Protein extracts were
prepared from various cell lines and 50-pg aliquots were applied to sodium dodecyl
sulfate-polyacrylamide gel electrophore.sis. The proteins were blotted to a polyvinyl

difluoride membrane (Millipore, Eschborn, Germany). CD44v proteins were detected by
the MAbl.lASML followed by a second incubation with horseradish peroxidase coupled
to sheep anti-mouse polyclonal antibodies. The enhanced chemiluminescence system of
Amersham was used for detection of antibody bound. kD, molecular weight is thousands.
Protein extracts were prepared from: iMtie A, BSp73AS cells (9); Lane B, BSp73ASML
cells (9); Lane C, CREF cells (11); Lane D, CREF v-Ha-nu (28); Lane E, CREF c-Ha-ras
(T24) (28); Lane f, CREF adenoviral E/A/EIB (II); Lane G, CREF adenoviral El AI
EIB/v-Ha-ras (28); Lane H, CREF adenoviral ElA/ElB/c-Hz-ras (T24) (28).
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Fig. 3. Variant CD44 proteins are expressed in 13762NF rat mammary carcinoma cells.
Western blot analysis of protein extracts of various cell lines derived from the I3762NF
rat mammary carcinoma (10). Compared are cell lines derived from the parental tumor:
MTPa (Lane Al, MTA (Lane fi). MTC (Lane C), MTF7 (Lane D) with cell lines
established from lymph node and lung metastasis MTLy (Lane E). MTLn2 (iMne F).
MTLn3 (LaneG). Extracts derived from BSp73AS cells (Lane Hi and BSp73ASML cells
(Lane /) have also been loaded. The variant CD44-specific MAbl.lASML was used to
stain the proteins as described in Fig. 2. Ordinate, positions of molecular weight markers
times thousands.

variants. The smallest isoform of CD44 (CD44s) seems to promote
hematogenic lung colonization (18) while expression of either one of
two specific variants containing 162 or 85 amino acids, respectively,
inserted into the extracellular portion of CD44s confers metastatic
behavior in the spontaneous assay (7, 19). CD44 expression was,
therefore, examined in the CREF system. By Northern blot analysis,
the ras transformants contained much more CD44s than non-trans

formed CREF cells (Fig. 1; compare Lanes D and E with Lane C).
Ras-transformed CREF cells also express variants of CD44 detected

as RNA species hybridizing to the variant portion of the CD44v clone
pMeta-1 (Fig. 1), and as protein bands in Western blots using the

MAb 1.1ASML (Fig. 2). CD44v expression as a metastatic marker was
first detected in the highly metastatic pancreatic carcinoma cell line
BSp73ASML (7). BSp73ASML cells and other also highly metastatic
rat cell lines express high levels of several CD44v RNAs (Ref. 7; Fig.
1). The sizes of the RNA species in ra.c-transformed CREF cells

correspond roughly to those in BSp73ASML. The RNA levels, how
ever, were by far lower (Fig. 1, compare Lanes B, D, and E). Judged
by epitope staining and fluorescence-activated cell sorter analysis, the
transformants seem to carry in the order of IO4 molecules/cell surface,
at least one order of magnitude less than BSp73ASML cells.6 Inter

' Unpublished observations.

estingly, there is a difference in posttranslational modification, inas
much as BSp73ASML produce several high molecular weight species
of CD44v (Mr 120,000-200,000 k) while the rai-transformed CREF
cells carry predominantly epitope-positive proteins with molecular
weights of about 100,000-120,000 (Fig. 2). Mr 100,000-120,000

forms are also found in variants of the rat mammary carcinoma
13762NF that have low metastatic capacity (10), namely MTPa,
MTC, MTF7, and MTA (Fig. 3). These cell lines express low levels of
some CD44 variant specific RNA (Ref. 7, Fig. 6) Note, however, the
extremely low expression of CD44v in the nonmetastatic cell lines
BSp73AS and CREF. Metastases-derived cell lines of 13762 NF ex

press CD44v proteins with apparent molecular weights similar to
those observed in BSp73ASML cells (Fig. 3).

E1AIE1B transfectants qualitatively share the pattern of CD44
RNAs and proteins (not shown and Fig. 2). The levels of both basal
expression and ra.v-induced expression are, however, reduced.

From Northern analyses (and from a series of reverse transcription
polymerase chain reaction analyses using oligonucleotides flanking
the variant region (not shown)), CD44v/total CD44 RNA ratios can be
calculated. Because CD44s sequences are contained in CD44s as well
as in CD44v molecules and resolution of RNA is poor due to the
greater abundance of CD44s and heterogeneity of RNA sizes, a
CD44s probe measures total CD44s and CD44v RNA and indicates
promoter activity. CD44v expression would depend on promoter ac
tivity and alternative splicing. Proportional increases would suggest
leakiness of the splice control while ratio increases would indicate
specific effects on the splice control. The data of Fig. 4 demonstrate
ra.s-dependent promoter activity. The most dramatic increase in total
CD44 transcripts was seen with \-ras transformation. Variant RNAs

were elevated by ras proportionately to the increase of promoter
activity, but the level of CD44v came never close to that detected in
BSp73ASML (Fig. I ). Inhibition of promoter activity by ElA/ElB
was observed with nontransfected control cells and all ras transfor
mants (Fig. 4). No difference in the ratio CD44v/total CD44 could be
detected with certainty between stable raÃtransfectants and control

relative IO
induction

8â€”

6â€”

2â€”

Fig. 4. Quantitation of CD44 and CD44v induction in stably raj-transfected CREF
cells. Quantitation by densitometric scanning of the Northern blotting analysis shown in
Fig. 1 for CREF cells (A). CREF v-Ha-nu (B). CREF c-Ha-ra.s (T24) (C). A similar
analysis (not shown ) was performed for CREF adenoviral El A/El B (D ), CREF adenoviral
ElA/ElB/v-Ha-ras (Â£). and CREF adenoviral EIA/ElB/c-Ha-ras (T24) (F). The values

for CD44 and CD44v expression in CREF cells are arbitrarily set as 1. Note that promoter
activity has been determined by use of a probe that recognizes all forms of CD44. whereas
CD44 variant expression is determined with variant exon specific probe. H. promoter
activity; â€¢¿�CD44 variant expression.
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cells, indicating nxs-induced promoter activation but no significant
steady-state influence on splicing. The synthesis of variants could be

explained by leakiness of the splice control.
Immediate Action of ras on CD44 Expression. To explore

whether CD44s and CD44v expression were immediate consequences

DCREF
â€¢¿�CREF+dex
g CREF-LTRias
â€¢¿�CREF-LTRrastdex

24 36 48 hours

Fig. 5. Kinetics of induction of CD44 by ras. CREF cells stably transfected with
MMTV-LTR-ra.v were treated and harvested as described in Fig. 5. Total RNA was
prepared. Twenty pg of total RNA each were subjected to Northern blotting analysis using
either a CD44s-specific probe (a) or a CD44v-specific probe (b\ The two probes have
been described in Fig. 1. Values show a quantitation of the Northern blotting analysis (as
described in Fig. 4). dex, dexamethasone.

of ras expression or activation or, alternatively, long-term indirect

effects of ras transformation, we stably introduced into CREF cells a
hormone-inducible ras expression construct (MMTV-LTR-ra.v). The

induction by hormone of ras expression caused the appearance of the
MAbl.lASML epitope on the cell surface (not shown). Northern blot
hybridizations revealed that ras induced both CD44s and CD44v RNA
accumulation. A quantitation is shown in Fig. 5. The increase in
promoter activity is only 3-fold and the time course is slow, with

significant elevations only after 12 h. Larger RNA splice variants
carrying epitope-encoding sequences were enhanced about 8-fold,

suggesting that under these more dramatic changes of ras expression
there may be a ras-induced change in the splice pattern. The appear

ance of CD44v RNA was followed by a correspondingly late increase
in CD44 variant protein as detected by Western blot analysis using
MAbl.lASML (Fig. 6). The accumulation did not start before 12 h
after ras induction and exceeded that in the stably transfected CREF/
c-tÃ¬a-ras(T24) cell line. The transient ras increase seems also to give
rise to the larger modification products around Mr 150,000-180,000.

Direct Activation of the CD44 Promoter by ras. To distinguish
whether ras increases CD44 mRNA accumulation by activating the
CD44 promoter or by increasing the stability of the mRNA half-life,

we cloned CD44 promoter sequences, constructed chimeric genes
with the chloramphenicol acetyltransferase reporter, and determined
the effect of ras overexpression on the transfected reporter constructs
(Table 2). raÃoverexpression was achieved either by cotransfecting
p-Ha-ras [EJ (16)] or by induction of a stably transfected MMTV-
LTR-ra.5 construct. The cotransfection experiments yielded activation

of the CD44 promoter, but only low induction levels. Activated raÃ
caused 1.7-fold induction (Table 2). The presence of adenovirus EIA

obliterated induction. Transfection of the reporter gene into CREF
cells stably transfected with MMTV-LTR-ras gave slightly higher
induction levels. The CD44 promoter was up-regulated 2.9-fold by ras

(Table 2). A collagenase promoter chloramphenicol acetyltransferase
construct that had been shown to be strongly induced following ras
induction in mouse NIH3T3 (20) was also only poorly up-regulated by

ras in CREF cells (Table 2). In the immortalized human fibroblast line
GM637, ras-dependent regulation of the CD44 promoter could be
confirmed, with induction factors of 32-fold (Table 2). The collagen-

CREF/MMTV-LTR-ras

-Dex +Dex

0 6 12 36 48 0 6 12 3648 O O kD
â€”¿�205

80
Fig. 6. Induction of CD44v protein synthesis by raj. CREF cells stably transfected with MMTV-LTR-ra.s ("Materials and Methods") were grown to 70% confluency. They were

then treated with dexamethasone (Dex) ( 10~7M)where indicated. At the times indicated, cells were harvested and protein extracts were prepared. They were subjected to Western blotting

analysis as described in Fig. 2. kD, molecular weight in thousands.
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Table 2 Induction of the CD44 promoter by ras
A human CD44 promoter-chloramphenicol acetyltransterase (CAT) construct was transiently transfecled either alone or together with the ras expression plasmid pEJ ( 16) or together

with pEJ and an adenovirus E/A (Ad.EM ) expression plasmid (26) into the cell lines indicated. CAT activity was determined 24 h after transfection. The CD44 promoter CAT construct
contains the region between positions -457 and +125 (start of transcription, +1) inserted into the vector pBLCAT4 (30). Its isolation will be described elsewhere.7 The sequence is
identical to the one published (31 ). The mutant hCD44 promoter construct contains an exchange of a thymidine at position -110 to a guanine, and of a thymidine position -114 to a
cytosine. These two exchanges destroy a presumptive AP-1 binding site that covers the sequences from -108 to -114. Transfections were performed according to standard protocols
(30) using the calcium phosphate method. C AT activity determinations were performed with appropriate amounts of cell extracts (usually about 70 p.g protein). The collagenase promoter
construct has been described previously (31).

M57/+125)hCD44CATCREF

CREF + pEJ
CREF + pEJ +Ad.EMCREF

LTR ras
CREF LTR ras +Dex'GM637

GM 637 +pEJGM
637 + pEJ + Ad.Â£7/lCAT

activity"0.77

Â±0.4*

1.4 Â±0.7
0.45 Â±0.20.46

Â±0.3
1.36Â±0.70.15

Â±0.03
4.8 Â±0.45

0.26 Â±0.05Foldinduction1.7

+ 0.3
0.7 Â±0.22.9

Â±0.431.9

Â±4.4
1.6Â±0.15AP-1

mutantCATactivity"0.56

Â±0.2
0.57 Â±0.22
0.54 Â±0.260.38

Â±0.2
0.38Â±0.210.38

Â±0.2
0.38 Â±0.2
0.37 Â±0.2HCD44CATFold

induction1.0Â±0.1

1.0Â±0.21.0

Â±0.051.0Â±0.l1

.0 Â±0.08(-737+63

Â»coIICATCATactivity"4.26

Â±1.3
6.6 Â±1.2
2.8Â±0.60.69

Â±0.2
1.07Â±0.40.4

Â±0.21
15.6Â±2.61.36

Â±0.4Fold

induction1.5

Â±1.2
0.7 Â±0.051.57Â±0.136.8

Â±3.73.1
Â±0.4

" pmol of acetylated chloramphenicol/ug of protein/h.
'' Mean Â±SE calculated from three independent experiments.
' Dex, H)"6 M dexamethasone.

ase promoter was also efficiently up-regulated in these cells. In

GM637 cells, adenovirus EIA inhibited promoter activation as it did
in CREF cells (Table 2).

Sequence analysis of the CD44 promoter revealed a presumptive
binding site for the transcription factor AP-1 at position -HO.7 In

several other genes the transcription factor AP-1 is responsible for

gene activation by the ras oncogene (20). The functional significance
of the AP-1 binding site in the CD44 promoter was examined by the
introduction of point mutations into the AP-1 recognition site. This

mutant was no longer inducible by the ras protein, neither in CREF
cells nor in GM637 cells (Table 2), suggesting that AP-1 (consisting
of the oncogene products fos and jun or another member of the AP-1
family) mediates ras-induced activation of the CD44 promoter.

DISCUSSION

Invasive and metastatic properties are probably conferred on tumor
cells by a whole set of cellular functions. Even the first step in the
metastatic process, migration of tumor cells from the site of implan
tation to the lymph nodes (as measured in the spontaneous metastasis
assay), is likely to depend on several properties, one of which is the
expression of a variant of CD44 on the cell surface. We have shown
here that in the CREF cell system expression of CD44s and CD44v
correlates with metastatic behavior. The effect of ras-induced CD44

expression on spontaneous metastasis formation in isogeneic animals
was moderate as compared to that seen previously for cells of the
pancreatic carcinoma cell line BSp73ASML spontaneously expressing
CD44 variants (7). BSp73ASML cells, however, express 10 times
higher levels of several CD44 variants than do ras-transformed CREF

cells. In immunocompromised animals, however, even cells express
ing low levels of CD44v sufficed to give mÃ©tastasesin all animals
given injections (Table 1). This perhaps documents better survival of
cells reaching the circulation in nude mice than in isogeneic rats or
might be explained by differences in tumor growth rates (see argu
ments in "Results").

The putative multitude of individual properties needed for meta
static behavior could be acquired step by step through mutation and
selection or be induced by pleiotropic control proteins, e.g., as the
immediate consequence of a transforming gene. Several transforming
oncogenes indeed act as pleiotropic control proteins for genes relevant

7 V. Zawadzki et ai, manuscript in preparation.

to invasiveness. For instance ras, jun, or fos and other cellular onco
genes induce the expression of collagenase type I and IV (21), of
stromelysin/transin (22), and of cathepsin (23). Here we show that ras
influences the expression of CD44 by increasing its promoter activity.
The promoter resembles those of other rai-responsive genes, ras is

probably not the only determinant, and its effect on the CD44 pro
moter may depend on components of signal transduction not equally
abundant in all cells. Therefore even proliferating tissues could be low
or negative for CD44s or CD44v [e.g., intestinal epithelium (24) and
various cell lines (8)).

Adenovirus is known to cause tumors of low invasiveness. More
over, expression of adenoviral genes reduces tumor progression (25).
Interestingly, the adenoviral oncogene EIA interferes with the expres
sion of proteases and CD44 (Table 2; Figs. 2 and 4; Ref. 26). EIA is
also the likely regulatory component in our E1A/E1B transfectants
since in cotransfection experiments EIA alone suffices to reduce
CD44 promoter activity (Table 2). The reduction of promoter activity
for CD44 (and perhaps other relevant functions) obliterates metastatic
behavior in both nude mice and isogeneic animals, suggesting that the
levels expressed in CREF cells were close to the lower limit required.

Splice control in vivo is extremely stringent. Specific variants
of CD44 are expressed only under circumscribed restrictive con
ditions (24). Low-level synthesis of CD44 variants (detected by

MAbl.lASML or by hybridization) may result from leakiness of the
splice control, which in turn may vary from cell to cell, ras-trans-

formed rat cells (not shown) produce no detectable variant while
ras-transformed CREF cells synthesize low but detectable levels. A

possible direct influence of ras on splice control does need consider
ation. Upon transient overexpression of ras, the ratio CD44v/total
CD44 increases. The effects are modest, however, and in stable ras
transfectants we have detected no shift in CD44v/total CD44 ratio as
compared to the recipient cells. Further, the synthesis of many differ
ent CD44v RNAs speaks for inhibition or relaxation of splice control
rather than specific ras-dependent splice regulation.

The turn-on of CD44v in human colon carcinogenesis is rather early
(24) and may be raÃrelated since c-Ha-rcw is mutated early in col-

orectal carcinogenesis (4). The tremendous CD44v expression in the
pancreatic carcinoma cell line BSp73ASML must, however, be caused
by mutation, presumably in cw-acting elements of the splice mecha

nism, since CD44s expression in these cells is particularly low.
The low-level CD44v in CREF ras transfectants do suffice to

mediate metastatic behavior. The low level may be close to a threshold
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required for lymphogenic spread thus reducing the efficiency as com
pared to highly metastatic cell lines, e.g., BSp73ASML. In all previ
ous transfcctions using CD44v cDNA (19) CD44v expression has
always been above the threshold. The fact that ras influences CD44
expression to different degrees in different cell lines could explain that
activation of nix does not automatically lead to full metastatic prop
erties in most tumors.
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