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Chapterr 2 

Targetedd Disruption of CD44 in MDAY-D2 Lymphosarcoma Cells 
Hass No Effect on Subcutaneous Growth or Metastatic Capacity 
Mariëtt ee H. E. Driessens,*  Peter  J. M. Stroeken,*  N. Felix Rodriguez Erena,*  Marti n A. van der  Valk,* 
Ellenn A. M. van Rijthoven,*  and Ed Roos* 

Divisionss of *Cell Biology and *Molecular Genetics, The Netherlands Cancer Institute, 1066 CX Amsterdam, The Netherlands 

Abstract.Abstract. CD44 splice variants have been shown to be 
involvedd in metastasis of carcinomas. In addition, the 
standardd form of CD44 has been implicated in metasta-
sis,, particularly of melanomas and lymphomas. To in-
vestigatee this, we have generated a CD44-negative mu-
tantt of the highly metastatic murine MDAY-D 2 
lymphosarcoma.. The two CD44 alleles of this diploid 
celll  line were sequentially disrupted by homologous re-
combination,, using isogenic CD44 genomic constructs 
interruptedd by a neomycin or hygromycin resistance-
conferringg gene. The resulting double knockout (DKO) 
cellss had completely lost the capacity to bind to immo-
bilizedd hyaluronic acid, but did not differ from MDAY -
D22 cells in integrin expression or in vitro growth. 

Subcutaneouss (s.c.) growth potential and metastatic 
capacityy of MDAY-D 2 and DKO cells were assessed 

CD444 is a cell surface protein expressed by many dif-
ferentt cell types (for reviews see references 21 and 
42)) that can act as a receptor for the extracellular 

matrixx component hyaluronic acid (HA)1 (2) and the pro-
teoglycann serglycin (41). CD44 is required for in vitro lym-
phopoiesis,, particularly of B cells (24), that use CD44 to 
bindd to the abundant HA. In addition, CD44 can act as co-
stimulatorr in lymphocyte activation (32) and the induction 
off  lymphocyte effector functions (5, 11, 28). In addition to 
thee standard 85-95-kD form, various larger CD44 variants 
cann be generated by alternative splicing of at least 10 exons 
(40). . 

CD444 has been proposed to play a major role in me-
tastasiss of different types of tumor cells (for review see ref-
erencee 31). The most compelling evidence concerns a splice 
variantt of CD44 containing exon v6 that upon transfection 
intoo a rat pancreatic carcinoma cell line conferred metastatic 
potentiall  (12). In these cells, the standard form of CD44 is 

Addresss all correspondence to Dr. E. Roos, Division of Cell Biology. The 
Netherlandss Cancer Institute, 121 Plesraanlaan, 1066 CX Amsterdam, 
Thee Netherlands. Tel: 31-20-5121931. Fax: 31-20-5121944. 

1.. Abbreviations used in this paper. DKO, double knockout; HA, hyalu-
ronicc acid: LFA-1, leukocyte function-associated antigen 1; SKO, single 
knockout:: SM, spontaneous mutant. 

byy s.c. and i.v. injection of the lowest cell dose (103 or 
104,, respectively) that gave rise to tumor formation by 
MDAY-D 22 cells in ~100% of the mice. Quite unex-
pectedly,, we observed no difference at all in either s.c. 
growthh rate or local invasion into surrounding tissues 
betweenn MDAY-D 2 cells and the CD44-negative DKO 
cells.. Also hematogenous metastasis formation upon 
i.v.. injection was similar: both parental and DKO cells 
metastasizedd extensively to the spleen, liver, and bone 
marrow.. We conclude that, at least for these MDAY -
D22 lymphosarcoma cells, the standard form of CD44 is 
dispensablee for tumor growth and metastasis. Our re-
sultss show that targeted disruption of genes in tumor 
cellss is a feasible approach to study their role in tumori-
genesiss and metastasis. 

apparentlyy not involved. In contrast, there is extensive evi-
dencee for a role of standard CD44 in metastasis of melano-
mass and lymphomas. CD44 was shown to be involved in 
thee invasiveness of melanoma cells in vitro (8). Human 
melanomaa cells expressing standard CD44 and sorted for 
highh expression showed enhanced lung colonization (4), 
andd an anti-CD44 antibody inhibited melanoma metasta-
siss (13). Furthermore, CD44-HA interaction stimulated 
subcutaneouss (s.c.) growth of a melanoma cell line (3). 

Inn non-Hodgkin lymphomas, high CD44 levels correlate 
withh tumor aggressiveness and extensive tumor spread (17, 
25).. More direct evidence for CD44 involvement was pro-
videdd by Sy et al. (34), who transfected the standard form 
off  CD44 into Namalwa lymphoma cells, which grew very 
poorlyy when injected subcutaneously. The transfectants 
didd grow well and metastasized. This enhanced tumorige-
nicityy was suppressed by a CD44-immunoglobulin fusion 
proteinn (35). 

AA role for CD44 in invasion of tissues would be consis-
tentt with two observations on normal lymphocytes. First, 
CD444 on lymphocytes is required for optimal contact al-
lergicc responses, as shown by surface modulation of CD44 
beforee adoptive transfer (5). This suggested that CD44 is 
essentiall  for optimal migration of lymphocytes into the skin, 
independentt of the other adhesion molecules expressed, 
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possiblyy because CD44 can mediate motility on hyaluronic 
acidd (39), a major component of the dermis (19). Second, 
amongg cytotoxic T cell clones directed against the malaria 
parasitee Plasmodium yoelli. which were all highly active in 
vitro,, only cells expressing high CD44 levels were effective 
inn vivo. Moreover. CD44-negative cells sorted from a pro-
tectivee clone lost in vivo activity, and this was independent 
off  the expression of other relevant adhesion molecules, in 
particularr leukocyte function-associated antigen 1 (LFA-1) 
andd a4p[ (28). Since this in vivo activity involves lysis of in-
fectedd hepatocytes and thus requires migration into the 
liverr parenchyma, this strongly suggested that CD44 is re-
quiredd for migration. This requirement could also explain 
thee correlation between CD44 and spread of hematopoi-
eticc tumors, in particular to the liver. 

Too further investigate the mechanisms of CD44 function 
inn s.c. tumor growth and metastasis, we have generated a 
CD44-negativee mutant of the highly metastatic murine 
MDAY-D 22 lymphosarcoma cell line. MDAY-D 2 was origi-
nallyy described as a sarcoma (18), but the cells express the 
integrinn aL(32 (LFA-1) and are therefore of hematopoietic 
origin.. MDAY-D 2 cells express high levels of CD44 and 
bindd to immobilized HA in vitro. To generate the mutant, 
wee inactivated both alleles of the CD44 gene by homolo-
gouss recombination. We show here that CD44-negative 
MDAY-D 22 double knockout (DKO) ceils readily form s.c. 
tumorss and, upon i.v. injection, metastasize extensively to 
liver,, spleen, and bone marrow, comparable to the paren-
tall  MDAY-D 2 cells. Hence, for this cell line, CD44 is dis-
pensablee for metastasis and s.c. growth. 

MaterialsMaterials and Methods 

CellCell Lines and Culture Conditions 

Parentall  MDAY-D 2 (18) and variant cells were cultured in enriched 
RPMII  1640 medium (Hybridoma medium [29]). 

Antibodies Antibodies 

Antibodiess were oblained from the following sources: anti-CD44 mAb 
KM2011 from Dr. P, Kincade; ah integrin (CD49f) mAb GoH3 from Dr A 
Sonnenberg;; hybridomas producing a4-integrin (CD49d) mAb PS/2 and 
«L-integrinn (CDl la) mAb M17/4 from the American Type Culture Col-
lection,, Rockville. MD: the a,-integrin (CD4ye) mAb MFR5 from Pharm-
ingen.. San Diego. CA; and mouse anti-rat IgK mAb conjugated to F1TC 
fromm Zymed Laboratories. South San Francisco. CA, 

GenerationGeneration of Targeting Constructs 

AA genomic library of the murine DBA/2-derived ESb cell line was con-
structedd from 18-23-kb fragments obtained by fractionation of partial 
Sau3A-digestedd genomic DNA on 10-40% sucrose gradients. This DNA 
wass ligated to BamHI-digested EMBL-3-bacteriophage half-site arms 
(Promegaa Biotec. Madison. Wl), and after packaging. 10" independent 
plaquess were plated on Escherichia coli strain KW25I (Promega Biotec). 
CD444 genomic clones were identified using a murine CD44 cDNA probe 
(kindlyy provided by Dr, F. Hart. ICRF, London, UK) and were mapped 
withh partial CD44 cDNA probes to determine the location of exon 1. 

Too generate the targeting construct, we used a 7-kb Sall-SacI fragment, 
clonedd into pBluescript K S- (Stratagene. La Jolla. CA). Into the unique 
Ncoll  site, at the translation start site in exon 1. we introduced a pgk-1 (11 
neoo cassette that had been digested with EcoRI and Sail and to which a 
NcoI-EcoRII  adaptor (upper strand: 5'CATGGGGCAACGAAGGTG.V. 
lowerr strand: 5' AATTCACCTTCGTTGCCC3') and an Xhol-Ncol adap-
torr (upper strand: 5 'TCGAGCGGTACCGGATCC3'. lower strand 
5'CATGGGATCCGGTACCGC.V)) had been ligated. The 3' Xhol-Ncol 
adaptorr contains a BamHI site (see Fig. 1 A). The hygromycin B resistance 

gene-containingg vector was constructed by digestion of the pBluescript 
CD44/neoo targeting vector with Sphl (site in the pgk-1 promoter) and 
Bgll ll  (site downstream of the polyA signal], removal of the pgk-1 neo in-
sertt and ligation of an Sphl-Bglll-digested pek-1 hygromycin fragment 
(3K).. Targeting constructs, digested with Sail and Sacl. were separated from 
vectorr sequences bv gel electrophoresis and purified by eleclroelulion. 

ImmunofluorescenceImmunofluorescence Analysis 

Antibodyy incubations and washing steps were performed at 4 C in PBS 
containingg 0.5% BSA. 0.02% Na-a/ide. 1 mM Mg; . and I mM Ca; ' . 
Mousee anti-rat IgK mAb conjugated to KIT'C was used as secondary anti 
bodyy Fluorescence was measured on a FACScan' (Becton Dickinson & 
Co... Mountain View, CA) using the lysis II program. Cells incubated with 
onlyy secondary antibody were used as negative controls. 

GenerationGeneration of Knockout Cells 

22 x 10" MDAY-D 2 cells in 800 p.] RPMI medium were eleetroporated in 
thee presence of 100 jig of targeting construct, using a gene pulser (Bio-
Radd Laboratories. Richmond, CA) (11.42 kV. %() (iF). Cells were seeded 
inn 48-well tissue culture dishes at 5 x 104, 1 x 104 and 2 x 10' cells/well in 
mediumm with 20% FCS. Drug selection (1 mg/ml G41K; Gibco. Paisley. 
UK)) or 1,2 mg/ml hygromycin B (Calbiochem-Novabiochem. Corp.. La 
Jolla.. CA) was started after 1 d. CD44-negative cells were sorted using a 
FACS' ' 

DNADNA and RNA Analysis 

Genomicc DNA (15 p.g) was digested with BamHI and loaded on a 0.7% 
agarosee gel for Southern analysis. RNA was isolated with the Ullraspcc 
kitt according to the manufacturers protocol (BIOTECX. Houston. TX). 
200 jig was loaded on a 1.0% agarose formaldehyde gel. Alter electro-
phoresis,, material was transferred to Nytran 13N membrane (Schleicher 
andd Schuell. Inc., Dassel. Germany) and hybridised using standard tech-
niques. . 

AdhesionAdhesion to Hyaluronic Acid 

%-welll  U-bottom plates (model 650101: Greiner. Fnckenhausen. Ger-
many)) were coated with 100 ^1 HA (1 mg/ml: Sigma Chemical Co.. St. 
Louis.. MO) in PBS overnight at 4':C. Plates were washed three times be-
foree the addition of cells. Cells were labeled with UK) jj.Ci "'Cr (Amor-
shamm International. Littl e Chalfont. UK) per 10 x 10" cells in 250 u.1 cul-
turee medium for 45 min. To test inhibition of adhesion by the KM20! 
mAb,, cells were preincubated with 10 ^g/ml mAb for 15 min at room tem-
perature.. Each well contained 5 < I0J cells in a final volume of 100 p.1 
RPMI.. After incubation for 30 min at 5"i> CO: and 37 C. nonadherent 
cellss were removed bv washing three times with 1(10 [JLI PBS containing 1 
mMM Ca; and 1 mM Mg : ' and inverting the plate. The percentage of 
boundd cells was determined by lysing the cells with 1 N NaOH and count-
ingg the radioactivity. Percentages were corrected for spontaneous release 
off  "'Cr and background binding to wells. Results are the mean of triplicate 
wells. . 

SubcutaneousSubcutaneous Growth and Experimental Metastasis 

DBA/22 mice were injected subcutaneously in the Hank with HP cells in 
2000 (xl PBS with 1 mM Mg:" and 1 mM Ca'*, s.c. tumor growth was moni-
toredd once a week. Animals were killed when the tumor was larger than 
22 cm- or when ulceration of the tumor occurred. Metastatic capacity was 
assessedd by injecting Kr1 cells in 200 nl PBS with 1 mM Mg: and 1 mM 
Ca'~~ into the tail vein of syngeneic DBA 2 mice. 

Histology Histology 

Tissuess were fixed in ethanol-acetic acid-forniol-salinc fixative, embedded 
inn paraffin, and S-jim sections were mounted onto slides and stained with 
hematoxylinn and eosin according to standard procedures. 

Results Results 

GenerationGeneration ofCD44 Single and Double Knockout Cells 

Ourr aim was to study the role of the CD44 protein in mc-
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Chapterr 2 

tastasiss of the MDAY-D 2 lymphosarcoma cell line. Tar-
getedd disruption of genes in embryonal stem cells for the 
generationn of knockout mice has rapidly become a routine 
procedure.. For other cell types, this is more difficult . How-
ever,, since others have shown that this is feasible (6, 9, 15), 
wee attempted to use this approach to generate well-defined 
CD44-negativee mutants of the MDAY-D 2 cells. To increase 
thee frequency of homologous recombination, we used 
isogenicc D NA (37). 

Thee targeting constructs were generated from a 7-kb Sall-
SacII  fragment of the CD44 gene, isolated from a DBA/2 -
derivedd genomic library. Either the neomycin-resistance or 
thee hygromycin-resistance (38) gene, under control of the 
pgk-11 promoter (1), was inserted into the translation initia-
tionn site in exon 1 (Fig. 1 A). First, MDAY-D 2 cells were 
transfectedd with the construct containing the neomycin 
cassette.. Disruption of one CD44 allele was expected to 
resultt in a reduced CD44 surface level. Therefore, the 186 
G418-resistantt clones obtained were analyzed for CD44 ex-
pressionn by FACS® analysis; 24 clones with 20-45% de-
creasedd CD44 surface levels were examined by Southern 
analysis.. Because of the introduced BamHI site in the con-
structt (Fig. 1 A), correct targeting should result in hybrid-
izationn with a 4.0-kb BamHI restriction fragment, in addition 
too the 12.5-kb fragment of the wild-type allele. One of the 
cloness showed this hallmark (Fig. 1 B) and was termed sin-
glee knockout (SKO). The CD44 surface level of SKO cells 
wass 62% of that of parental MDAY-D 2 cells (see Table I). 

Too disrupt the second CD44 allele, the SKO cells were 
transfectedd with the hygromycin-containing fragment, and 
CD44-negativee cells were sorted from a bulk culture of 
transfectedd cells. Approximately 0.08% of the population 
wass sorted and plated as single cells; 50% of these clones 
weree CD44 negative, and Southern analysis revealed that 
299 of the 30 CD44-negative clones were genuine DK O (Fig. 
11 B). In one of the CD44-negative clones, the second allele 
wass not disrupted. Apparently, this was a spontaneous 
mutantt (SM). Because the DK O cells were sorted from 
thee bulk population, they cannot be considered indepen-
dentt clones. Therefore, the SM clone was used as a second 
independentt CD44-negative cell line in some experiments. 

Northernn analysis (Fig. 1 C) of MDAY-D 2 cells revealed 
thee 1.6-, 3.3-, and 4.0-kb mRNA bands of the standard CD44 
transcriptt (21). RNA levels were reduced in the SKO cells, 
andd in the D K O cells no CD44 m R NA was detected. Hy-
bridizationn of this blot with a probe specific for variant ex-
onss 4-10 of CD44 (40) did not reveal any bands, even after 
prolongedd exposure (not shown). Thus, MDAY-D 2 cells 
expresss only the standard CD44 isoform. 

ProliferationProliferation and Integrin Expression 

Proliferationn rates of the cell lines in vitro were found to be 
identical.. Also, the expression levels of integrins that are 
potentiallyy relevant for metastasis were determined. Fi-
bronectinn receptors have been implicated in metastasis of 
cellss to the liver (33), the a6p, integrin may be involved in 
melanomaa metastasis to the lungs (30), and we have found 
thatt for T cell hybrids, the aL p2 integrin (LFA-1) is required 
forr metastasis (29). MDAY-D 2 cells express the fibronec-
tinn receptors a$f and o ^ i , and in addition the integrins 
a„p,, and aL(32 (LFA-1) (Table I). MDAY-D2 , SKO, DKO, 

BamH II aanomi c fragnwnt a 

B B MDAY-D22 SKO DKO 

4 .00 kb 

;;  " frfr  :i & 

;..-;. . 

-'£ £ 
, . . — — 

CC MDAY-D2 SKO DKO 

288 S- . 

188 S-

GAPDH H 

FigureFigure I. Constructs used for CD44 targeting, and results of 
Southernn and Northern analysis of MDAY-D 2 parental, SKO, 
andd DKO cells. (A) CD44 targeting constructs. CD44 locus 
aroundd exon 1. The neo and hygromycin cassettes were inserted 
intoo the Ncol site, located at the translation initiation start site in 
exonn 1. The probe used to detect homologous recombination at 
thiss locus is the indicated 0.8-kb Ncol fragment. (B) Southern 
analysiss of genomic DNA of MDAY-D2 , SKO, and DKO cells, 
digestedd with BamHI and hybridized with the 0.8-kb Ncol probe. 
Inn the parental cells, a 12.5-kb BamHI fragment is detected. In 
thee correctly targeted gene, an additional BamHI site is present 
inn the 3' adaptor, used to ligate the pgk-1 neo cassette into the 
Ncoll  site so that a 4-kb fragment is detected. (C) Northern analy-
siss of MDAY-D2 , SKO, and DKO cell lines, using the 1.4-kb 
standardd CD44 cDNA probe. CD44 mRNAs of 4.0, 3.3, and 1.6 
kbb are observed in MDAY-D 2 and SKO cells, but not in the 
DKOO cells. GAPDH hybridization is shown as a measure for the 
amountt of RNA in the samples. 
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TableTable I. Surface Levels of CD44 and Integrins 

Specificc median fluorescence 

a4 4 i 5 5 1,1, , 

MDAY-D2 2 
SKO O 
DKO O 
SM M 

100 0 
62 2 
0 0 
0 0 

1588 24 6 14 26 
988 24 6 18 21 
0.99 18 5 14 15 
077 16 6 13 18 

Specificc median fluorescence, median of cells incubated with primary antibody minus 
thee median of controls (secondary antibody only) in arbitrary units. Percent CD44. 
comparedd with MDAY-D2 cells. 

andd SM cells did not differ in the surface levels of 0:4(3,. 
asP],, and a6P] integrins; aL(3, w as expressed at a slightly 
lowerr level in the DKO and SM cells (Table I). 

AdhesionAdhesion to Immobilized Hyaluronic Acid 

Lesleyy et al. (20) have shown that CD44 can exist in three 
functionall  states with respect to HA binding: nonactivat-
able.. activatable (by, e.g., the CD44 mAb IRAWB [20]). 
andd constitutively active. As shown in Fig. 2. 38% of 
MDAY-D 22 cells bound to immobilized HA without acti-
vation.. Tlrerefero; EE441 io :rr tfio- acii'xr- 33nformctiant 
Bindingg of MDAY-D 2 cells to HA was blocked completely 
byy the KM201 antibody against CD44 (24), and thus CD44 
iss the only HA receptor present on MDAY-D 2 cells. In-
deed,, the DKO cells did not bind HA at all (Fig. 2). The 
SKOO cells bound almost as well as parental MDAY-D 2 cells 
(34%),, despite the lower CD44 surface level (Fig. 2). 

SubcutaneousSubcutaneous Tumor Take and Growth 

Syy et al. (34, 35) and Bartolazzi et al. (3) showed that trans-
fectionn of CD44 into certain lymphomas and melanomas 
greatlyy increased s.c. tumor take and growth. To test the 
rolee of CD44 for MDAY-D 2 cells, we injected the paren-
tall  and mutant cells s.c. into syngeneic mice at the lowest 
dosee of MDAY-D 2 cells that resulted in a tumor take of 
~100%.. previously determined to be 101 cells (18: and our 

MDAY-D22 SKO DKO 

FigureFigure 2. Adhesion of MDAY-D2, SKO. and DKO cells to im-
mobilizedd HA in the absence or presence of CD44 mAb KM201. 
Adhesionn was measured as described in Materials and Methods. 
Thee results shown are the mean of triplicate wells. A representa-
tivee experiment out of three with similar results is shown. . con-
trol;®,, KM201. 

unpublishedd results). The majority of mice developed a 
palpablee tumor within 3 wk. Animals were killed when ul-
cerationn of the tumor occurred, when the tumor was larger 
thann 2 cm3, or after 35 d. Only in a few cases, metastases 
weree observed in the liver and spleen, but in about half of 
thee mice, local invasion through tissues into the thorax or 
abdomenn was seen. This was observed for all of the four 
celll  lines, including the DKO and SM CD44-negative cells. 
Inn Fig. 3. examples of the extensive invasion of muscle and 
fatt tissues by the DKO cells are shown. In Fig. 4. the s.c. 
tumorr sizes are shown at 3, 4, and 5 wk after injection. Af-
terr 5 wk a tumor larger than 2 cm.-1 had developed in two 
outt of five animals injected with MDAY-D 2 cells, five out 
off  nine with SKO cells, four out of nine with SM cells, and 
sixx out of nine injected with the DKO cells. Also, the total 
tumorr take was similar: four out of five for MDAY-D2. 
sevenn out of nine for SKO, seven out of nine for SM, and 
sixx out of nine for DKO cells. We conclude that s.c. growth 
off  the CD44 negative DKO and SM cells did not differ 
fromm that of the SKO or MDAY-D 2 cells. 

ExperimentalExperimental Metastasis 

;*ïtiam*aüL~pmfciniai'wa;rai,s'cii's~c î-Syy iirjeuiiirg'iO^ceilS'-imVr 
thee tail vein of syngeneic mice. This was the lowest dose of 
MDAY-D 22 cells that reproducibly gave rise to metastasis 
inn almost 100% of the mice. The results of the first experi-
mentt are summarized in Table II . Extensive metastasis to 
liverr and spleen was seen in almost all mice, including those 
injectedd with the DKO cells: seven out of seven for 
MDAY-D 22 cells, and seven out of eight for both SKO and 
DKOO cells. The animals injected with MDAY-D 2 cells 
showedd symptoms of illness between days 13 and 17 after 
injection,, with SKO or DKO cells after 15-22 d, so no dif-
ferencee was seen in survival between the CD44-positive 
SKOO and CD44-negative DKO cells. 

Thee distribution of metastases was assessed by histology 
inn a second experiment in animals killed after a fixed period 
off  15-16 d. Lungs, thymus, lymph nodes, liver, spleen, bone 
marrow,, kidneys, intestines, brain, and blood were exam-
inedd macroscopically and by histology. Many MDAY-D 2 
cellss were found circulating in the blood and therefore in 
bloodd vessels of lungs, meninges, and kidneys, but not in 
extravascularr locations. However, in the spleen, tumor cells 
weree located extravascularly in the red pulpa areas, and 
onlyy when the metastases grew bigger, the cells invaded 
thee white pulpa area (not shown). In the liver, diffuse and 
nodularr infiltrates were observed, as shown in Fig. 3. In 
thee bone marrow, tumor cells sometimes totally replaced 
thee normal cell population (Fig. 3). The tissue distribution 
andd invasion patterns of the DKO cells did not differ at all 
fromm SKO and MDAY-D 2 cells. Therefore, we conclude 
thatt CD44 is dispensable for both metastasis formation 
andd s.c. growth of MDAY-D 2 lymphosarcoma cells. 

Discussion Discussion 
Thee most direct approach to elucidate the role of a specific 
proteinn in a complicated in vivo phenomenon is the study 
off  mutants that no longer express this protein. Previously, 
wee have thus provided evidence for a decisive role of 
LFA-11 in metastasis of a T cell hybridoma, by showing 

76 6 



Chapterr 2 

^P#%T%a a 

Figuree .?. Invasive capacity of CD44-negative MDAY-D2 DKO cells. (A) Invasion of cells from the subcutaneously implanted tumor 
intoo muscular (M) and fat (F) tissue. Bar, 40 (j.m. (B) Higher magnification; bar, 20 u.m; isolated tumor cells have invaded between the 
musclee fibers (M). (C) i.v. injected tumor cells (T) have invaded the liver parenchyma (P). Tumor cells are also present in the larger ves-
sel.. Bar. 40 ̂ m. (D) Tumor nodule in sternal bone marrow. B. bone. Bar, 40 (im. 

thatt LFA-1-deficient mutants hardly metastasized (29). 
However,, these mutants were generated by chemical mu-
tagenesis,, and therefore it cannot be excluded that alter-
ationss in expression of other genes have contributed to the 
phenotype.. A better approach is the targeted disruption of 
thee genes of interest. However, this was generally consid-
eredd unfeasible for mammalian cells other than embryonal 
stemm cells because of the low frequency of homologous re-
combination.. Recently, however, the generation of tar-
getedd mutants of different cell types has been reported (6. 
9,, 15). Our present results confirm this and show that tar-

getedd disruption of genes is a viable and potentially very 
powerfull  approach to elucidate mechanisms of metastasis, 
att least of diploid tumor cell lines. 

Wee anticipated a strongly reduced s.c. growth potential 
andd metastatic capacity of the CD44-negative MDAY-D2-
DKOO cells. This was based on the documented role of 
CD444 in in vitro invasion (8, 23), the correlation between 
CD444 levels and tumor spread (4, 17, 25), as well as on di-
rectt evidence from in vivo studies with anti-CD44 mAb 
andd CD44-transfectants (3, 13, 34, 35). These results all 
pertainedd to the standard form of CD44 in lymphomas and 
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FigureFigure 4. Local tumor growth of MDAY-D2. SKO, DKO, and mutant cells injected s.c. in the flank of syngeneic DBA/2 mice. Tumor 
sizee was scored as follows: 1 + , <0.5 cm'; 2+, 0.5-1.0 cm'; 3 +. 1.0-1.5 cm';4 + . 1.5-2.0 cm'. Shown is the percentage of animals with the 
indicatedd tumor size after 3. 4. and 5 wk. D, 1 +; US, 2+;l ,3+; , 4+. 

melanomas.. In addition, this expectation was based on the 
documentedd requirement of CD44 for properties of nor-
mall  blood cells that involve migration into tissues, particu-
larlyy the skin (5) and the liver (28), despite similar expres-
sionn of adhesion molecules like LFA-1 and a4p,. 

Itt was thus a surprise to find no significant difference in 
inn vivo behavior between the parental and the mutant cells. 
Inn contrast to the CD44-negative Nawalma lymphoma cells, 
MDAY-D2-DK OO mutant cells grew readily in a s.c. envi-
ronmentt and not slower than the parental cells. Particularly 
strikingg was the extensive local invasion of the DKO cells 
fromm the tumor site, through the surrounding tissues, and 
intoo the thorax or abdomen, similar to parental cells. This 
involved,, e.g., extensive migration between HA-rich muscle 
tissuee (2, 19), as shown in Fig. 3. The distribution of me-
tastasess after i.v. injection, and the extent and pattern of 
invasionn into the affectedd tissues (i.e., liver, spleen, and bone 
marrow)) were also not different. The observation on spleen 
metastasiss is consistent with a recent report by Zahalka et 
al.. (43) that CD44 mAbs did not affect spleen metastasis 
off  a lymphoma, whereas they did affect metastasis to lymph 
nodes,, which are not affected by our MDAY-D 2 cells. 

Thee results cannot be explained by redundancy, at least 
withh respect to HA binding. Motilit y of several cell types 
onn HA has in fact been ascribed to a different HA recep-
tor:: RHAMM (14), which has also been found on blood 
cellss (27). However, adhesion of MDAY-D 2 cells to HA 
wass completely blocked by anti-CD44 mAb, and indeed 
thee DKO mutants did not adhere to HA at all. The latter 
resultt also appears to exclude an involvement of intercel-
lularr adhesion molecule-1 (ICAM-1), which is in fact ex-

TableTable II. Metastatic Potential ofMDAY-D2, SKO, and DKO 
Cells Cells 

Group p 

Liver r 
Spleen n 
IIII  on day 

MDAY-D2 2 

In) In) 

in in 
in in 

13-17 7 

SKO O 

till till 

7/8 8 
7/8 8 

15-22 2 

DKO O 

(nl (nl 

7/8 8 
7/8 8 

16-22 2 

5-mo-oldd DBA/2 mice were injected i.v. with 104 cells, and autopsy was performed 
whenn animals became ill after the indicated time period, n. number of animals with 
metastasess in the liver and the spleen detected upon gross examination. 

pressedd by MDAY-D 2 cells (not shown) and was recently 
describedd to act as HA receptor in the liver (22). 

AA possible explanation for the discrepancy between our 
andd previous results may be based on the function of 
CD444 as a transmitter of extracellular signals rather than 
onn its presumed role in invasion. Anti-CD44 mAbs can act 
ass costimulators for T cell activation (7,16, 26, 32) and can 
inducee natural killer cell (36) activity. This probably mim-
icss signals triggered by the CD44 ligand HA. since both 
anti-CD444 mAbs and HA itself can induce cytotoxic T 
lymphocytee activity through CD44 (10, 11). It is therefore 
conceivablee that, e.g.. in contact allergic responses (5), CD44 
iss not essential for invasion of lymphocytes into the skin, 
butt rather for the local proliferation and activation of these 
cells. . 

Iff  this hypothesis is correct, the CD44 dependence of 
growthh of certain tumors may also be explained, if these 
tumorss still require extracellular signals for proliferation. 
Thus,, e.g., the Namalwa human lymphoma cell line may re-
quiree signals induced by CD44-HA interaction in the HA-
richrich s.c. environment for rapid growth (34. 35). The highly 
malignantt MDAY-D 2 cells may be growth autonomous in 
thiss respect and not require such signals. Also, the estab-
lishedd correlation between CD44 expression and spread of 
lymphomass may be explained if some lymphomas require 
CD44-transmittedd signals for proliferation at sites other 
thann lymphoid tissues. Thus, our results suggest that not 
alll  highly malignant lymphomas require CD44 to grow and 
spread. . 
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