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INTRODUCTION

Solid tumors depend in their expansion on angiogenesis to meet metabolic needs
and to invade surrounding tissues. Angiogenesis is the process of blood vessel
growth from existing vasculature. In tissue microenvironment, angiogenesis is con-
trolled by the balance of pro- and antiangiogenic factors. To induce angiogenesis
in nearby blood vessels, tumor cells start to secrete various angiogenic factors that
stimulate endothelial cells to proliferate. Proangiogenic molecules could be growth
factors or proteinases that degrade extracellular matrix, controlling endothelial qui-
escence. However, angiogenesis process also releases antiangiogenic factors to tip
the balance back. Importantly, such antiangiogenic factors could be expressed by
tumor cells themselves because of the selective advantage in other stages of tumor
development. The idea that HA receptor CD44 might inhibit angiogenesis was
based on the findings by P. Kogerman et al. (Kogerman et al., 1997a). They found
that mouse fibrosarcoma cells overexpressing human CD44 showed prolonged
latency for subcutaneous growth in mice compared to parental cells. Later analysis
of large tumors showed that introduced exogenous CD44 expression was down-
regulated. These findings lead to the hypothesis that tumor angiogenesis might be
affected, and fitted with the concept that solid tumors are dependent on angiogene-
sis to expand over 1 millimeter size. Given that CD44 overexpression on the tumor
cell surface can inhibit tumor growth, we hypothesized that a purified recombinant
CD44 HABD might as well serve as angiogenesis inhibitor and may thereby block
tumor growth.
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ABBREVIATIONS

aa, amino acid
bFGF, basic fibroblast growth factor
CAM, chorioallantoic membrane
CD44s, standard CD44
CD44v, variant CD44 isoform
CRC, colorectal cancer
EC, endothelial cells
ECM, extracellular matrix
EGFR, epidermal growth factor receptor
ELISA, enzyme-linked immuno sorbent assay
FACS, fluorescence activated cell sorter
FN, fibronectin
GF, gel filtration
GSK-3β , glycogen synthase kinase 3β

GST, glutathione S-transferase
HA, hyaluronan, hyaluronic acid
HABD, hyaluronan binding domain
HIF1α , hypoxia-inducible factor 1α

HUVEC, human umbilical vein endothelial cells
IEC, ion exchange chromatography
IF, intermediate filaments
ip, intraperitoneal
KO, knockout
LPS, lipopolysaccharide
MALDI-TOF MS, matrix-assisted laser desorption ionization time of flight mass
spectrometry
MLEC, mouse lung endothelial cells
MMP, matrix metalloproteinase
mTOR, mammalian target of rapamycin
PAI-1, plasminogen activator inhibitor 1
PI3K, phosphatidylinositol-3 kinase
PFS, progression free survival
PKC, protein kinase C
PLGF, placenta growth factor
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ROS, reactive oxygen species
RTKI, receptor tyrosine kinase inhibitor
sc, subcutaneous
sCD44, soluble CD44
TGF-α , transforming growth factor α

TGF-β , transforming growth factor β

ULF, unit-length filament
VEGF, vascular endothelial growth factor
VEGFR, vascular endothelial growth factor receptor
wt, wild type
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REVIEW OF THE LITERATURE

1 Angiogenesis introduction

The vascular system is essential for supplying tissues with oxygen and nutrients,
and disposing of metabolic waste products. Blood and lymphatic vessels are neces-
sary for body’s immune surveillance. Vascular lumen is ensheathed by endothelial
cell (EC) layer. Depending on the vessel type, ECs can be covered by mural cells –
either pericytes or smooth muscle cells. Endothelial and mural cells are surrounded
by common basement membrane. In an adult organism, the growth of new blood
vessels is tightly controlled by a balance between angiogenic and angiostatic fac-
tors, and physiologically, most of the time ECs reside in quiescence. Maintenance
of endothelial quiescence and survival is controlled by mural cells. The new blood
vessels can grow either by vasculogenesis or angiogenesis. Vasculogenesis takes
place during embryonic development, whereas further expansion and reorganiza-
tion of embryonic vasculature occurs by angiogenesis (Figure 1). Angiogenesis is
the process of blood vessel growth by sprouting from preexisting vessels.

Angiogenic signal leading to blood vessel destabilization and subsequent sprout-
ing can be elicited by tissue hypoxia, or factors released by tumor or inflammatory
cells. Key regulator of blood vessel growth and maintenance is VEGF-A which
signals through its tyrosine kinase receptor VEGFR2 (Carmeliet and Jain, 2011).
The various steps of angiogenesis include increase in vessel permeability and
dissolution of basement membrane by activated ECs, deposition of provisional ex-
tracellular matrix (ECM), and subsequent tissue invasion involving EC migration.
Cell adhesion to the ECM proteins is mediated by integrin receptors. Integrins
direct the ECM signals to the dynamic multiprotein complexes – focal adhesions,
that are linked to the actin cytoskeleton (Geiger et al., 2009). In addition to actin
microfilaments, focal adhesion dynamics involves the intermediate filament (IF)
and microtubule cytoskeletons (Avraamides et al., 2008, Burgstaller et al., 2010).

1.1 Angiogenesis in pathological conditions and antiangiogenesis
paradigm in cancer treatment

Under physiological conditions, new blood vessels grow during tissue regeneration,
hair growth, exercise, and in the endometrium. Angiogenesis is also involved in de-
velopment of various pathological conditions, including tumor growth, metastasis,
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Figure 1 Retinal vascular development. Retinas were prepared from 3-day old pups (left)
or from 6-week old adult mice (right). Blood vessels were stained using Griffonia simpli-
cifolia isolectin B4 conjugated Alexa Fluor 488 fluorochrome. Left, growing blood vessels
of primary vascular plexus, a network of homogeneously sized primitive blood vessels.
Note the endothelial tip cells at the front of growing vasculature. Right, pruned mature
retinal vasculature. Arrowheads indicate putative arterial and venous compartments – arte-
rioles are thin and venules are broader. Retina preparation and staining was performed by
Marianna Školnaja, microscopy and image preparation by Taavi Päll.

diabetic retinopathy, wet age-related macular degeneration, rheumatoid arthritis
and psoriasis. Excessive angiogenesis occurs when diseased cells produce abnor-
mal amounts of angiogenic growth factors, outbalancing the effects of natural an-
giogenesis inhibitors. New blood vessels nourish diseased tissues, subvert normal
tissues, and in the case of cancer, allow cancer cells to metastasize.

The process of cancer metastasis is dependent on angiogenesis in its two steps
– first, migration from primary tumor and second, colonization. In the absence of
angiogenesis, micrometastases appear unable to grow over millimeter size and re-
main dormant (Holmgren et al., 1995, O’Reilly et al., 1996). Cancer cells begin
to promote angiogenesis early in tumorigenesis – this tumor "angiogenic switch"
is turned on by production of angiogenic factors like VEGF, bFGF and TGF-α
(Bergers and Benjamin, 2003). The angiogenic switch involves also downregula-
tion of endogenous angiogenesis suppressor proteins, such as thrombospondin-1.
Characteristically, tumor blood vessels are morphologically immature, tortuous,
leaky, contain "blind" ends and are not properly covered by pericytes.
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1.2 Antiangiogenesis drugs

Angiogenesis inhibitors, targeted to block new blood vessel development, are used
to treat pathological conditions associated with excessive blood vessel growth.
Currently, angiogenesis inhibitors that are already available or in the late stage of
clinical development fall under three main classes: a) monoclonal antibodies, b)
small molecule inhibitors of growth factor receptors and c) inhibitors of mTOR.

Antibodies directed against angiogenic growth factors or their receptors block
growth factor–receptor interaction and thereby cause blockage of proangiogenic
signaling. Examples of such inhibitors are bevacizumab (Avastin, Genentech)
(Hurwitz et al., 2004, Yang et al., 2003) and cetuximab (Erbitux; ImClone, Eli
Lilly)(Perrotte et al., 1999, Pueyo et al., 2010). Bevacizumab is VEGF neutral-
izing antibody and cetuximab targets and inhibits EGFR which is receptor for
angiogenic growth factor TGF-α .

Small molecule inhibitors of receptor tyrosine kinases block angiogenic growth
factor receptor activation. Examples of such inhibitors are erlotinib (Tarceva;
Genentech) (Pore et al., 2006, Tabernero, 2007), sorafenib (Nexavar; Bayer, Onyx)
(Escudier, 2007) and sunitinib (Sutent; Pfizer) (Ebos et al., 2009, Motzer et al.,
2007). Novel small molecule angiogenesis inhibitor, approved for medullary thy-
roid carcinoma treatment, is cabozantinib, that targets c-MET receptor tyrosine
kinase and VEGFR2 (Cometriq, Exelixis).

MTOR inhibitors, such as everolimus (Afinitor; Novartis) (Mabuchi et al., 2007)
and temsirolimus (Torisel; Wyeth) (Del Bufalo et al., 2006, Frost et al., 2004) target
directly or indirectly, tumor-activated, EC metabolic signaling and survival path-
ways. PI3K-Akt pathway activated mTOR regulates protein synthesis by phospho-
rylating its downstream effectors ribosomal p70 S6 kinase and eukaryote initiation
factor 4E binding protein 1.

Examples of angiogenesis inhibitors in other diseases, like wet age-related mac-
ular degeneration are ranibizumab (Rosenfeld et al., 2006) (Lucentis; Genentech),
a Fab fragment of bevacizumab, and pegaptanib (Gragoudas et al., 2004) (Macu-
gen; OSI Eyetech, Pfizer), a pegylated oligonucleotide (aptamer) which binds and
blocks VEGF-165.

In oncology most antiangiogenic drugs are concentrated on a few targets, mainly
blocking VEGF/VEGFR signaling. Remarkably, approximately 70 VEGF-pathway
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targeting projects are currently in clinical development (Booth, 2012). To success-
fully reach market, these drug candidates should be superior to eg. bevacizumab
or sorafenib in many parameters, including efficacy, side effects or cost. Consider-
ing that compounds in development have already active comparator drug in class,
higher bar for approval and other drugs in use already ahead, this could be difficult
to achieve. Such overcrowding also may limit recources available to less studied
novel targets, and in the longer perspective suggests that resources are wasted by
pharmaceutical industry.

On the flip side, this concentration indicates also the urgent need for new drugs
against novel targets advanced into preclinical development (Booth, 2012). These
new targets should preferably have well characterized biology to mitigate invest-
ment risks for biotech venture capital to move forward into clinical development
with novel biology.

1.3 Mechanisms of tumor resistance to antiangiogenic
(anti-VEGF) therapy

Antiangiogenesis therapy with bevacizumab provides significant benefit with at
least increased PFS for metastatic colorectal cancer (CRC) patients (Hurwitz et al.,
2004), advanced nonsquamous non-small cell lung cancer (Johnson et al., 2004),
metastatic renal cancer (Yang et al., 2003), and recurrent glioblastoma (Friedman
et al., 2009, Vredenburgh et al., 2007). However, in November-2011, US Food
and Drug Administration revoked its initial accelerated bevacizumab approval
for treating metastatic HER2-negative breast cancer, as follow-up studies did not
confirm sufficiently significant clinical benefit (FDA, 2011, Miller et al., 2005,
Schneider et al., 2008).

When used in combination treatment, bevacizumab significantly increases the
efficacy (in the sense of response rate) of chemotherapy, which could be attributed
to "normalization" of tumor vasculature and resulting improved drug delivery into
tumor tissue (Dings et al., 2007). Suggesting that tumor vascularisation is one
factor that mediates cancer drug resistance. Likewise, in antiangiogenesis therapy
specifically, drug resistance is a problem – while some patients have noticeable
responses and live longer, the overall response rate in patients is still roughly 30%,
suggesting that the whole patient population might have limited clinical benefit
(Sennino and McDonald, 2012).
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There are several mechanisms of intrinsic or acquired resistance to antiangio-
genic therapies (Loges et al., 2010). Tumor cells can amplify proangiogenic gene
loci in their genomes. VEGF-A gene locus amplification associating with poor
prognosis has reported in 3-6% CRCs (Vlajnic et al., 2011) and in ∼64%(!) os-
teosarcomas (Yang et al., 2011). In osteosarcomas, VEGF-A amplification corre-
lated with increased microvascular density in tumor samples and reduced disease
free survival of patients (Yang et al., 2011). Breast cancer ECOG2100 trial con-
cluded that VEGF-A amplification was associated with poor outcomes – it was
found that paclitaxel with bevacizumab combination treatment increased PFS com-
pared to paclitaxel alone only in patients without VEGF-A gene amplification
(Schneider et al., 2013). This suggest that such proangiogenic growth factor gene
amplification clearly has negative contribution to the efficacy of anti-angiogenesis
therapy.

Tumors escape from antiangiogenesis therapies can arise by preexistence or
activation of alternative angiogenic pathways. It was found, that in mouse tu-
mor models, anti-VEGFR2 monotherapy when used alone, induces compensatory
proangiogenic gene expression. Whereas, simultaneous treatment using anti-PLGF
Ab and anti-VEGFR2 enhances therapeutic effect and does not induce angiogene-
sis rescue as anti-VEGFR2 therapy alone (Fischer et al., 2007). Anti-PLGF treat-
ment in this setting affects tumor microenvironment by suppressing proangiogenic
macrophage recruitment. Other growth factors or angiogenic signaling pathways
involved in resistance to anti-VEGF therapies are bFGF (Casanovas et al., 2005),
PDGF (Pietras et al., 2008), angiopoietin-Tie2 (Xu et al., 2009), DLL4-Notch (Li
et al., 2011, 2007) and EphB4-EphrinB2 (Li et al., 2011). In glioblastoma model
and patients the resistance to bevacizumab treatment is mediated by the upregula-
tion of receptor tyrosine kinase c-MET protein and activity which is suppressed
by VEGF-VEGFR2 complex (Jahangiri et al., 2013, Lu et al., 2012). This mech-
anism is different from hypoxia-mediated resistance to bevacizumab treatment in
glioblastoma (Keunen et al., 2011).

Mobilization of macrophages and vascular progenitor cells from the bone mar-
row via SDF-1–CXCR4 signaling is another mechanism that contributes to restora-
tion of tumor proangiogenic microenvironment. Such signaling is elicited by mes-
enchymal stem cells or cancer-associated fibroblasts (Xu et al., 2009). Alterna-
tively, tumor recruitment of proangiogenic blood-borne Gr1+CD11b+ myeloid cells
can be mediated by G-CSF, VEGF-A or Bv8 (Christoffersson et al., 2012, Hirat-
suka et al., 2011, Shojaei et al., 2009, 2007). Invading Gr1+CD11b+ cells produce
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MMP-9 that promotes tumor angiogenesis (Christoffersson et al., 2012, Yang et al.,
2004).

At some stage, tumor cells can also do without induction of angiogenesis, just by
growing along preexisting blood vessels, a process called vessel co-option, which
can take place in well vascularised tissues like lungs and brain (Leenders et al.,
2004, Pezzella et al., 1997). It is found that mature blood vessels are more resistant
to anti-VEGF therapy, and increased pericyte coverage of tumor associated blood
vessels makes them less susceptible to anti-VEGF treatment (Helfrich et al., 2010).
Pericytes supply ECs with VEGF which might be unaccessible to its targeting drug,
also ECs in mature vessels express very low levels of VEGFR2, which makes them
insensitive to specific RTKI. Typically, tumors contain morphologically different
types of blood vessels. In this morphological space, low VEGFR2-expressing later-
stage vessels define anti-VEGF refractory population (Sitohy et al., 2011).

Angiogenesis inhibition and collapse of tumor vascular network creates a hy-
poxic milieu in tumor microenvironment, which tumor cells might overcome by
acquisition of enhanced capability to invade – bevacizumab treatment induced
hypoxia activates HIF1α-dependent transcription, leading to invasive phenotype
in glioblastoma cells (Keunen et al., 2011).

2 CD44 and its physiological functions

CD44 glycoprotein is a type I membrane glycoprotein. It functions as a receptor for
hyaluronan (HA), a glucosaminoglycan abundantly present in ECM of embryonic
and adult tissues. HA-binding function of CD44 is mediated via its N-terminal
domain which contains a single Link module (Banerji et al., 2007, Teriete et al.,
2004).

CD44 is expressed on many cell types, including lymphocytes and ECs, and
has multiple alternatively spliced isoforms that contain variant exons in its mem-
brane proximal region. CD44 molecules with combinations from ten (designated
v1-v10) alternatively spliced variant exons in its extracellular domain are called
variant CD44 (CD44v) and CD44 molecule without any of the variant exons is
called the standard CD44 (CD44s). In physiology, cell surface CD44 functions as
a lymphocyte homing receptor (Bonder et al., 2006, Hollingsworth et al., 2007,
Khan et al., 2004, McDonald et al., 2008, Rouschop et al., 2005), mediates cell
adhesion to HA, cell migration and HA metabolism. In addition to HA-mediated
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interactions, N-glycosylation of CD44 provides binding sites for E-selectin and
contributes to homing function of hematopoietic progenitor cells into bone marrow
sinusoids (Avigdor et al., 2004, Dimitroff et al., 2001), and neutrophils homing
into inflammatory site (Katayama et al., 2005). Notably, these CD44-mediated
processes are triggered by SDF-1 or G-CSF (Avigdor et al., 2004, Katayama et al.,
2005), the same cytokines which tumors use to recruit proangiogenic myeloid
cells. Further, CD44 mediates HA retention on the EC surface and this function
is in large part regulated by cytokine activation. HA binding can be tuned by N-
glycosylation – de-glycosylation of CD44, which is in turn regulated by cytokines
(Ariel et al., 2000, English et al., 1998). TNF-α induced HA-binding ability of
CD44 and by this determined EC surface HA level. Interactions between CD44
and HA are sufficient to support rolling adhesions on ECs under physiological
laminar flow conditions (Nandi et al., 2000).

In normal physiology, Cd44 KO mice have no obvious developmental pheno-
types, but display changes in inflammatory reactions (Protin et al., 1999, Schmits
et al., 1997). Cd44 KO in mouse models of ischemia, atherosclerosis and arthritis
confirm CD44 functions in leukocyte recruitment (Cuff et al., 2001, Hutás et al.,
2008, Rouschop et al., 2005).

CD44 contributes to keratinocyte functions and normal epidermal physiology.
CD44 knockdown by antisense expression in mouse skin causes abnormal HA
accumulation with changes in skin elasticity, reduces keratinocyte proliferation in
response to phorbol ester stimulation, and slows down wound healing (Kaya et al.,
1997). These defects could be attributed to HA accumulation, as hyaluronidase
treatment seemed to rescue skin elasticity and high HA concentrations suppressed
keratinocyte proliferation in culture (Kaya et al., 1997). Likewise, complete Cd44
KOs show several skin-related defects, such as decrease in epidermal differenti-
ation and epidermal thickness, reduced number of proliferating cells in the skin
and delayed epidermal barrier recovery after its disruption (Bourguignon et al.,
2006). However, in contrast to skin-specific CD44 antisense, in complete Cd44
KOs skin HA content appears reduced and interestingly, also skin cholesterol level
(Bourguignon et al., 2006). Nevertheless, a further analysis of Cd44 KOs revealed
a temporarily reduced expression at E17.5 of tight junction proteins Claudin-1,
Claudin-4, ZO-1 and polarity complex protein Par3, which together contributed to
defective epidermal barrier function at this stage (Kirschner et al., 2011). These
data suggest that CD44, additionally to its other known functions, like leukocyte
rolling, is implicated in tight junction formation and maintenance.
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2.1 The role of CD44 in cancer

CD44 has significant role in tumor malignancy, mainly as a metastasis promoting
molecule. Variant CD44 isoform expression in tumor cells was shown to be suf-
ficient to establish metastatic behavior (Günthert et al., 1991). Human standard
CD44 overexpression in nonmetastatic mouse fibrosarcoma cells induced sponta-
neous lung metastases (Kogerman et al., 1997a,b). Clinically, high tumor CD44
expression correlates with metastases and poor survival in renal cell carcinoma pa-
tients (Lim et al., 2008). In contrast, reduced CD44s expression in prostate cancer
patients predicted poor prognosis (Noordzij et al., 1997). High CD44s expression
was a negative prognostic marker in patients with resected NSCLC and correlated
with more advanced regional lymph node metastasis (Ko et al., 2011). CD44s
expression was associated with overall survival in colon adenocarcinomas, being
high in more aggressive carcinomas (Visca et al., 2002).

Experimentally, the CD44s role in colon cancer development is underpinned
by findings that CD44 gene is regulated by WNT/β -catenin pathway. In a Apc
mutant-mouse model of colon carcinogenesis, CD44 is overexpressed all-over the
intestinal polyps compared to restricted expression in intestinal crypts of normal
intestine. Knockout of Tcf7l2 (formerly Tcf4), a β -catenin-associated transcription
factor, completely abrogates CD44 expression in intestinal epithelium (Wielenga
et al., 1999). Deletion of CD44 in ApcMin/+ mice caused almost 50% reduction
in the number of intestinal adenomas. This reduction was primarily caused by a
decrease in the formation of aberrant crypts, as the number of apoptotic epithelial
cells at the base of the crypt was significantly increased, whereas adenoma growth
was not affected (Zeilstra et al., 2008). However, earlier study by another group
did not find a significant difference in intestinal polyps in ApcMin/+ mice (Weber
et al., 2002).

Additionally, WNT/β -catenin regulation of CD44 seems to be also implicated
in development of type II diabetes. In gene expression-based genome-wide as-
sociation study CD44 was the top match and highly significantly associated with
development of this disease (Kodama et al., 2012). Intriguingly, Tcf7l2 was among
other significant matches. Together, data from spontaneous tumorigenesis models
suggest that CD44 expression affects tumor cell survival in tissue microenviron-
ment or colonization, not later outgrowth. Accordingly, metastases, but not primary
tumor incidence, were affected by CD44-deficiency in two other spontaneous tu-
morigenesis models – breast cancer and sarcoma (Lopez et al., 2005, Weber et al.,
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2002). ApcMin/+ intestinal tumors are benign and nonmetastatic, so only the pri-
mary tumor incidence is affected (Zeilstra et al., 2008).

In humans, development of liver metastasis causes most of CRC-related deaths.
CD44 expressed on CRC cells might be functionally linked to these events, when
normally, during liver inflammation, CD44 mediates neutrophil homing into HA-
rich liver sinusoids (McDonald et al., 2008). Widely expressed secreted phospho-
protein 1/SPP1 (Osteopontin) is considered as CD44 ligand, although this interac-
tion could not be verified in vitro (Smith et al., 1999, Weber et al., 1996). SPP1
enhances CRC metastasis formation and its targeting by antisense oligonucleotides
was transiently effective in suppressing CRC liver metastases in a rat model
(Uhlmann et al., 2011). Vice versa, suppression of CD44s by antisense blocked
metastatic colon cancer cell line LS174T adhesion in vitro to HA and SPP1, and
completely abolished LS147T liver metastases in a mouse model (Harada et al.,
2001). In RAW264.7 murine leukemia cells and HepG2 liver carcinoma cells,
SPP1 increases plasma membrane CD44 expression and cell adhesion by binding
to its αvβ3-integrin receptor (Gao et al., 2003, Marroquin et al., 2004). Given
the widespread SPP1 expression, this signaling is also feasible for other tumor or
normal cell types.

Consistently, in trp53+/tm1 sarcoma tumor model, CD44-deficient mice had sig-
nificantly less osteosarcoma metastases, whereas no difference in primary tumor
incidence was observed (Weber et al., 2002). Osteosarcomas in trp53+/tm1 mice
show prominent CD44 expression (Weber et al., 2002). This is in agreement with
the finding that p53 directly suppresses CD44 gene expression, which leads to a in-
hibition of EGF signaling and increased tumor cell apoptosis (Godar and Weinberg,
2008), as CD44 is a constitutive coreceptor for Erbb2 and Erbb3 (Sherman et al.,
2000, Wobus et al., 2002). In a model of spontaneous metastatic mammary can-
cer, MMTV-PyV-mT mice develop metastases with 100% penetrance and primary
breast lesions show strong expression of CD44 throughout the tumor epithelium
of large tumors. However, quite contrary to intestinal tumor and sarcoma model,
metastasis formation in MMTV-PyV-mT mice was markedly enhanced in Cd44
KO background (Lopez et al., 2005). In breast cancer cells, CD44-mediated HA-
adhesion is thought to suppress the dissemination, as in vitro experiment using
CD44-expressing breast cancer cell lines showed that they failed to invade HA-
containing collagen matrix (Lopez et al., 2005).
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2.2 The role of CD44 in vascular permeability and angiogenesis

The endothelial cells of neo-vessels in Cd44 KO mice display an absence of cel-
lular ruffling, often irregular surface and appear in some places very thin or flat-
tened (Cao et al., 2006). Accordingly, Cd44 KO mice show significantly increased
dermal microvascular permeability in response to challenge with vasoactive sub-
stances, like histamine and LPS, compared to their wt counterparts. Additionally,
Cd44 KO endothelial monolayers display a reduced baseline barrier strength and
reduced levels of adherens junction protein VE-cadherin along with increased
amounts of phosphorylated, i.e. targeted for degradation, β -catenin (Flynn et al.,
2013). Consistent with impaired barrier function, Cd44 KO ECs showed increased
MMP expression. One mechanism by which VE-cadherin homotypic adhesion reg-
ulates EC tight junctions (TJ) is via upregulation of TJ adhesive protein claudin-5
by inducing AKT phosphorylation of FoxO1 and consecutive release of FoxO1-
Tcf7l2-β -catenin-inhibitory complex from claudin-5 promoter (Taddei et al., 2008).
However, EC tight junction protein levels in Cd44 KO ECs, including claudin-5,
appeared comparable to wt (Flynn et al., 2013), therefore indicating another un-
derlying cause of reduced barrier function. Further, (Flynn et al., 2013) suggest
considerable phenotypic overlap between Cd44 KO and PECAM-1-null mice and
cells, supported by reduced level of PECAM-1 expression in Cd44 KO mice.

Reconstitution of mouse CD44 or PECAM-1 in Cd44 KO ECs was able to re-
store barrier function and CD44 expression rescued PECAM-1, suggesting that
CD44 regulates vascular permeability and integrity through a PECAM-1 depen-
dent mechanism (Flynn et al., 2013). PECAM-1 is a homotypic cell-cell adhesion
molecule involved in EC migration and angiogenesis (Cao et al., 2002, DeLisser
et al., 1997). These functions are related to PECAM-1 employment as a com-
ponent of EC adherens junctions. Activation of MAPK/ERK by PECAM-1 via
recruitment of protein-tyrosine phosphatase SHP-2 facilitates EC migration and is
involved in organization of capillary networks during early stages of angiogenesis
(Jackson et al., 1997, Wu and Sheibani, 2003). However, the exact mechanism how
CD44 regulates PECAM-1 expression is not clear.

Additionally, CD44/c-Met interaction plays role in EC barrier function – c-
Met ligand HGF enhances endothelial barrier via c-Met activation of Rac1. The
role of the CD44 in this set is to function as a co-receptor for c-Met to recruit
a Rac1 activator Tiam1. CD44 silencing in this situation disrupts HGF-induced
enhancement of endothelial layer resistance (Singleton et al., 2007). Interestingly,
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it was found that in the Cd44 KO mice and in human liver hepatocellular carcinoma
cells, the c-Met co-receptor function of CD44 is taken over by ICAM-1, which
helps to explain the absence of c-Met KO-like phenotype (Olaku et al., 2011).

CD44 has a role in tumor angiogenesis, supported by several independent find-
ings. Cell surface CD44 expression was elevated in renal cell carcinoma blood
vessels and CD44 isoforms were induced in cultured HUVEC by bFGF (Griffioen
et al., 1997). Cd44 KO mice showed reduced vascularisation of B16 melanoma
cells-containing Matrigel plugs compared to wt counterparts and reduced growth
of sc implanted B16 melanoma cell and ID8-VEGF ovarian tumor cell xenografts
(Cao et al., 2006). ECs were mainly affected since wt bone-marrow transplanta-
tion to Cd44 KO mice could not rescue B16 melanoma containing Matrigel plug
vascularisation (Cao et al., 2006).

2.3 Soluble CD44 physiological concentration in serum and
its increase in response to immune cell activity

In addition to cell surface expression, CD44 can be expressed as an alternatively
spliced soluble isoform (Yu and Toole, 1996). However, the major source of soluble
CD44 (sCD44) is proteolytic release of membrane CD44 by matrix proteases (Mu-
rakami et al., 2003, Nagano et al., 2004, Okamoto et al., 1999). It is proposed that
sCD44 is not directly released into circulation, but accumulates first in the pericel-
lular or extracellular matrix as a consequence of constitutive shedding. Lymph and
serum sCD44 levels increase through its release from matrix-embedded pool and
this is associated with excessive matrix reorganization during different pathologi-
cal conditions, including cancer (Cichy et al., 2002). For example, in colon cancer
patients serum sCD44 levels decreased after surgical resection of tumors (Guo
et al., 1994). Nevertheless, matrix-embedded sCD44-hypothesis is in contrast with
in vivo and in vitro findings, showing negative correlation between cell-surface
CD44 and serum CD44 levels, suggesting direct release instead (Katoh et al., 1994,
Rouschop et al., 2005).

The ectodomain shedding is not unique to CD44. During inflammation, many
of the cell surface receptors, including E-selectin, ICAM-1 and ERBB2, become
cleaved off from cell surface to regulate tumor cell migration or effective leukocyte
homing (Garton et al., 2006). However, sCD44 generation can occur specifically
and is not on par with many other cell surface molecules released by shedding. In
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renal transplantation patients, sCD44 is elevated in background of sICAM-1 and
sIL-2R, and potentially can serve as a prognostic marker for transplant rejection
(Rouschop et al., 2005). Proteases responsible for shedding CD44 in tumor cell
models are predominantly ADAM10 and MT1-MMP, which are also involved in
cleaving off other cell surface molecules (Garton et al., 2006, Kajita et al., 2001,
Mori et al., 2002, Nagano et al., 2004, Stoeck et al., 2006, Takamune et al., 2007).

The shedding has clear impact on cell adhesion – in a mouse model of rheuma-
toid arthritis antibody-induced CD44 shedding reduces leukocytes adhesion to HA
and joint inflammation (Mikecz et al., 1999). However, the further physiological
role of the released sCD44 is unclear. Because sCD44 retains its HA-binding abil-
ity, it is proposed that it may function as an antagonist to membrane CD44 and be
a decoy receptor (Katoh et al., 1994). Experimentally, this is shown in cancer cells
– its overexpression in cancer cells blocks HA-mediated functions (Ahrens et al.,
2001, Subramaniam et al., 2007).

Soluble CD44 may have also role in HA metabolism and excretion (clearance),
as increased CD44 shedding and serum levels correlated with decreased serum HA
(Mikecz et al., 1999). In macrophages, sCD44 might be directly involved in regu-
lation of proinflammatory cytokine release in site of infection. Wild type serum,
but not Cd44 KO serum, suppressed elevated TNF-α production in response to
LPS in Cd44 KO macrophages. Cd44 KO mice display increased TNF-α produc-
tion in peritoneal lavage fluid, but not in serum, when they were intraperitoneally
challenged with E. coli. Although, this TNF-α phenotype could not be rescued by
direct supplementation of KO serum with recombinant soluble CD44-Rg protein,
the simplest explanation is still the presence of sCD44 in wt serum (van der Windt
et al., 2010).

Based on several studies, average physiologic sCD44 serum concentration in
healthy persons (persons not having cancer diagnosed) is 347 ng/ml (95% CI 153-
541 ng/ml) (BenderMedSystems, 2012, Lockhart et al., 1999, Loeffler-Ragg et al.,
2011, Mäenpää et al., 2000, Mayer et al., 2008, Niitsu and Iijima, 2002). Given
that the size of sCD44 molecule is between 30-120 kD, these levels correspond
roughly to 3-14 nM concentration. In mice, serum concentration of sCD44 is in
average ∼2.2 µg/ml (Katoh et al., 1994, Mikecz et al., 1999).

Interestingly, immunocompromised BALB/c.Xid and CB17.SCID mice display
a significantly reduced serum sCD44 levels, whereas MLR/lpr mice carrying lym-
phoproliferative mutation have significantly higher serum sCD44, underscoring its
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lymphocytic or immune-related origin (Katoh et al., 1994). However, serum con-
centrations of sCD44 for Balbc/nude mice, widely used model for human tumor
xenograft or angiogenesis studies, are not available.

Elevated serum sCD44 or sCD44v6 was predictor of poor outcome in non-
Hodgkin’s lymphoma or breast cancer patients, respectively (Lockhart et al., 1999,
Mayer et al., 2008, Ristamäki et al., 1994); in addition, increased sCD44 was found
in the saliva of head and neck squamous cell carcinoma patients (Franzmann et al.,
2007). Circulatory sCD44 was significantly elevated also in patients with advanced
gastric (24 nM) or colon cancer (31 nM) versus normal individuals (∼3 nM) (Guo
et al., 1994). Importantly, this study showed that circulating CD44 levels declined
after tumor was surgically removed (Guo et al., 1994). Recent gene expression-
based genome-wide association study identified that CD44 is pathogenetically
implicated in the development of adipose tissue inflammation, insulin resistance
and type II diabetes (Kodama et al., 2012). Soluble CD44 serum levels in hu-
man subjects showed positive correlation with increased glycated hemoglobin and
insulin resistance index, markers for reduced glycemic control. In contrast with
some cancers, in this study sCD44 levels ranged between 50-350 ng/ml, suggest-
ing that in persons with reduced glycemic control the sCD44 levels don’t increase
severalfold and remain within normal boundaries.

2.4 CD44 HABD and its structure

Cell surface CD44 binding to HA is mediated by its amino-terminal domain which
contains the Link module. The Link module is approximately 100 aa long con-
served structure consisting of two alpha helices and two triple-stranded antiparal-
lel beta sheets, which are interconnected by two disulphide bridges (Kohda et al.,
1996). In addition to Link module, the CD44 HABD has an additional lobe con-
sisting of four beta strands formed by the aa residues flanking the core link module
(Banerji et al., 2007, Teriete et al., 2004). This enlarged structure is further stabi-
lized by an additional disulphide bridge between flanking regions. Together, the
CD44 HABD structure consists aa 21-169 according to human protein.

However, the Link module is absolutely sufficient for the HA-binding func-
tion of CD44 and its flanking regions don’t directly contribute to the HA binding
(Banerji et al., 2007). The critical residues in the human CD44 HA-binding surface,
that are directly involved in binding, are Arg41, Tyr42, Arg78 and Tyr79 (Bajorath
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et al., 1998, Banerji et al., 2007). As can be seen, these aa belong to two Arg-Tyr
clusters that together form the HA binding surface. Mutations in either of these
clusters abolishes HA binding.

CD44 is a glycoprotein and is mainly O-glycosylated by its alternatively spliced
exons. However, it contains also five N-glycosylation sites within its HABD –
Asn25, Asn57, Asn100, Asn110, Asn120. Glycosylation at two sites, Asn25 and
Asn125, within HABD is involved in regulation of HA binding – high glycosyla-
tion at these sites blocks HA binding completely, intermediate levels make binding
inducible and complete removal of glycosylation grants constitutive HA binding
(English et al., 1998, Lesley et al., 1995). Nevertheless, in vitro experiments show
that bacterially expressed recombinant human CD44 HABD containing aa 20-
178 binds HA comparably to glycosylated CD44-Rg fusion protein (Teriete et al.,
2004).

3 Vimentin and its functions

Vimentin intermediate filaments (IF) function as cell supporting framework. Inter-
mediate filament-based cytoskeleton links extracellular matrix with nuclear mem-
brane and provides a cell with stiffness to resist tensile and shear stress (Eckes
et al., 1998, Wang and Stamenović, 2000). Vimentin IF form a cage-like structure
enclosing the nucleus. Vimentin is highly expressed in vertebrates during devel-
opment and in adult organism in cells of mesenchymal origin. However, vimentin
(Vim) KO mice develop normally (Colucci-Guyon et al., 1994). In physiology,
vimentin deficient mice have defects in vascular function, manifested by reduced
flow-induced dilatation of arteries, which is caused by decreased nitric oxide pro-
duction and elevated endothelin (Henrion et al., 1997, Terzi et al., 1997). Imbalance
and impaired release of vasodilator and vasoconstrictor agents in Vim KO mice
might be caused by loss of its functions in intracellular vesicular transport.

Vimentin is an important mediator of vesicular transport, it associates promi-
nently with synaptobrevin/VAMP/syntaxin complex protein SNAP23 which di-
rects and facilitates the fusion of transport vesicle with target membrane (Faigle
et al., 2000). Vimentin also binds directly to adaptor complex AP-3 β3 subunit
(Styers et al., 2004). Importantly, vimentin is involved in recycling of β1 integrin
in migrating cells. Vimentin traps β1 integrin-containing vesicles in cytoplasm
and they can be released for recycling to the plasma membrane following serine
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phosphorylation of vimentin N-terminal domain by an atypical PKC (PKCε). Mu-
tation of PKCε phosphorylation sites in vimentin or PKC inhibition leads to the
intracellular accumulation of PKCε/integrin positive vesicles and inhibition of
directional migration (Ivaska et al., 2005).

Vimentin role in targeting cell adhesion proteins to plasma membrane is further
underscored by lymphocyte–endothelial adhesion and homing defect in Vim KO
mice (Nieminen et al., 2006). Aberrant leukocyte homing could be attributed to
the reduced levels of EC surface ICAM-1 and VCAM-1 cell adhesion molecules
in a vasculature of KO mice and reduced β1-integrin in lymphocytes (Nieminen
et al., 2006).

Vimentin is implicated in regulation of cell polarity in epithelial cells and ECs,
by stabilizing polarity-complex protein scribbled homolog (Drosophila) (Phua
et al., 2009). Therefore, it was proposed that perinuclear vimentin IF cage is nec-
essary for proper front-rear polarization, similar to microtubules (Burgstaller et al.,
2010, Pegtel et al., 2007). In addition to scribbled, cell polarity regulatory complex
contains disc large and lethal giant larvae and is important regulator of apical-
basal polarization in epithelial cells or front-rear polarization in migrating cells.
Vimentin binding increases scribbled stability by protecting it from proteasomal
degradation. Silencing of either scribbled or vimentin in MDCK cells resulted in
random alignment of in vitro wound invading cells and reduced ability for direc-
tional movement (Phua et al., 2009).

3.1 Cell surface vimentin is involved in lymphocyte activation

The functional role of vimentin in cell surface receptor trafficking and in secretory
pathway may also provide the mechanism of vimentin transport to the plasma
membrane and into ECM. Intriguingly, it was found that macrophages secrete
phosphorylated vimentin and its secretion is regulated by inflammatory cytokines
(Mor-Vaknin et al., 2003). Recently, the same group reported that vimentin in-
teracts with p47phox on the surface of activated macrophages (Mor-Vaknin et al.,
2013). P47phox is subunit of NADPH oxidase, an enzyme involved in ROS produc-
tion. Interestingly, vimentin seemed to interfere with ROS production, as bacterial
killing in vivo was more effective in Vim KO mice and p47phox cell-surface local-
ization upon activation was not influenced by the absence of vimentin. Together
suggesting that vimentin regulates p47phox activity but not its localization.
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Additionally, cell surface vimentin is a specific marker for Sézary syndrome
T-cell lymphoma and this is linked to the lymphocyte activation status, as its ex-
tracellular expression is induced during normal T lymphocyte activation (Huet
et al., 2006). Identified extracellular ligands for vimentin include phospholipase
A2 in apoptotic T-cells (Boilard et al., 2003) and vitronectin in complex with PAI-1
on activated platelets (Podor et al., 2002). Importantly, vimentin is identified as
possible antiangiogenesis target overexpressed on tumor endothelium in vivo and
as such was directly usable as antiangiogenesis therapy target. Anti-vimentin anti-
body treatment was able to significantly inhibit tumor growth and vascular density
(van Beijnum et al., 2006).

3.2 Vimentin is anchored to integrin containing EC adhesions
disassembled during angiogenic switch

Vimentin KOs displayed elevated leukocyte extravasation as a result of compro-
mised endothelial-cell layer and markable blood vessel leakiness, suggesting that
vimentin has important role in vascular integrity (Nieminen et al., 2006). In pri-
mary microvascular ECs approximately 60-70% of focal adhesions associate with
vimentin IF (Gonzales et al., 2001). Association of vimentin IF with β3-integrin
containing focal adhesions improves significantly EC resistance to shear stress
(Bhattacharya et al., 2009). In stably adherent ECs, vimentin cage is anchored to
hemidesmosome-like stable matrix adhesions (Homan et al., 1998). These adhe-
sions are based on laminin receptor α6β4 integrin and are anchored to the vimentin
IF via versatile cytoskeletal cross-linking protein, plectin. Plectin is a large > 500-
kD protein with characteristically dumbbell-like shape – its globular end domains
are separated by an elongated rod domain. The β4 integrin is localized to epithe-
lial hemidesmosome-like stable adhesions in ECs, whereas its expression is lost
in cultured ECs. The α6β4 integrin plays an essential structural role in type I
hemidesmosomes of stratified epithelial cells by connecting basement membrane
to keratin IFs. It has been proposed, that the endothelial function of α6β4 integrin
may be analogous to its function in epithelial cells or tumors (Nikolopoulos et al.,
2004). During angiogenesis, the α6β4 integrin may confer a promigratory pheno-
type in response to angiogenic stimuli and in mature vasculature it may contribute
to stable adhesion of endothelial cells to BM.

Stable adhesions are disassembled in angiogenic vasculature allowing cells to
migrate and invade the surrounding ECM (Nikolopoulos et al., 2004). This is
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achieved by phosphorylation of the signaling portion of the long cytoplasmic tail
of β4 integrin adjacent to its plectin binding site and results in destabilization of
β4–plectin–vimentin IF interaction which is necessary for EC migration. Plectin
binding site in β4 integrin is critical for vimentin IF recruitment into sites of
α6β4 matrix adhesions in ECs (Homan et al., 2002). Endothelial-specific deletion
of the β4 integrin signaling portion causes reduced EC migration resulting in
defective angiogenesis (Nikolopoulos et al., 2004). In contrast to downregulation
in angiogenic vasculature, β4 integrin expression is elevated in carcinoma. In
fibroblasts and cancer cells, the α6β4 integrin mediates invasion through the PI3K
signaling pathway and through cross-talk with the ERBB2 and c-MET tyrosine
kinase receptors (Gambaletta et al., 2000, Shaw et al., 1997, Trusolino et al., 2001).
Notably, β4 integrin expression was also significantly downregulated in vimentin-
silenced breast cancer cells, suggesting that they belong to the common functional
complex (Vuoriluoto et al., 2011).

Given that vimentin is involved on ROS generation, it’s intriguing that vimentin–
plectin interaction is also sensitive to redox environment of the cytoplasm. While
plectin binding to β4 integrin is mediated via its N-terminal part, then vimentin-
binding site of plectin is located in its C-terminal domain. Vimentin binds plectin
through its rod-domain 1B. The vimentin binding region of plectin contains four
cysteine residues the redox status of which modifies its vimentin binding affinity
(Spurny et al., 2007). When Plectin vimentin binding region was chemically re-
duced or critical cysteine was mutated to serine, plectin bound to vimentin with
three times higher affinity than in its nonreduced form, probably due to a more
relaxed conformation (Spurny et al., 2007).
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AIMS OF THE STUDY

Current study was undertaken to test the hypothesis that CD44 hyaluronan receptor
has antiangiogenic function in tumor microenvironment. To elucidate this, we
posed three main objectives:

1. Generate soluble recombinant CD44-HABD proteins.
2. Test CD44-HABD as potential antiangiogenesis agent in angiogenesis as-

says.
3. Test if exogenous CD44-HABD inhibits tumor xenograft growth in mice.
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MATERIALS AND METHODS

Detailed description of materials and methods is provided in the publications of
this thesis. Briefly, the following methods were used in the present study:

1. Cell culture and transfection (Publication I, II).
2. Recombinant protein expression and purification (Publication I, II, Manuscript).
3. ELISA, HA binding assay (Publication I, II).
4. Cell migration and proliferation assays (Publication I).
5. Cell cycle analysis of BrdU-labeled cells by FACS (Publication I).
6. Chick CAM angiogenesis assay (Publication I).
7. Chick aorta fragment 3D culture angiogenesis assay (Patent).
8. Mouse tumor xenograft assay (Publication I, Patent).
9. GST pull-down, immunoprecipitation and cell surface biotinylation (Publi-

cation II).
10. Isothermal titration calorimetry and surface plasmon resonance (Publication

II).
11. Radioligand saturation binding and displacement assays (Publication II,

Patent).
12. Internalization assay, confocal immunofluorescence microscopy and image

analysis (Publication II).
13. Isolation of mouse lung endothelial cells (Publication II).
14. Statistical analysis (Publication I, II, Manuscript).
15. MALDI-TOF MS (Publication II).
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RESULTS AND DISCUSSION

Given that CD44 overexpression on the tumor cell surface can inhibit tumor growth,
we hypothesized that a purified recombinant CD44 HABD might serve as an angio-
genesis inhibitor and may thereby block tumor growth. The original hypothesis was
that HA-rich coat that surrounds tumors inhibits the growth of surrounding blood
vessels into tumor. CD44 overexpression on tumor cells tethers HA to plasma
membrane and stabilizes HA-containing ECM. Surplus of soluble HA binding pro-
teins might display similar stabilizing effect. It has been shown that high molecular
weight HA has antimitogenic effect to ECs, whereas, in contrast, oligomeric HA
fragments stimulate angiogenesis (Deed et al., 1997, Slevin et al., 1998, 2002).
Therefore, another alternative was that high tumor CD44 might compete for an-
giogenic HA fragments, and soluble HA binding protein can be used as a decoy
receptor.

1 Design and purification of CD44-HABD and CD44-3MUT
recombinant proteins (Publication I, Manuscript, Patent)

We proposed a mechanism of possible angiogenesis inhibition that was based on
HA-binding property of CD44 that we set out to test. To this objective, we con-
structed and purified human CD44-HABD as GST fusion protein. In addition to
WT recombinant CD44-HABD, we produced non-HA-binding mutants which con-
tained mutations in aa Arg41 and in Arg78-Tyr79 to use them as negative controls.
First, Arg78 and Tyr79 were substituted by serines and Arg41 was substituted by
alanine. We termed the CD44-HABD construct containing mutations in all these
three sites as CD44-3MUT. The obtained recombinant CD44-HABD proteins con-
tained aa 21-132 from human protein. Compared to the extended structure of
HABD of CD44, these proteins lack the flanking region (Figure 2)(Teriete et al.,
2004).

The CD44 region spanning the Link domain (aa 32-120) which was shown to be
minimally sufficient for ligand binding was included into our CD44-HABD protein
(Peach et al., 1993). However, this was not entirely deliberate decision to omit
CD44 HABD flanking region – at the time when our recombinant proteins were
designed the structure of CD44 HABD was not yet resolved. As a consequence, the
absence of C-terminal extension remained naked the N-terminal β0-sheet, formed
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1UUH CD44-HABD CD44-3MUT

Figure 2 The structure of human CD44 HABD (Teriete et al., 2004). CD44-HABD21-132

(upper middle) and CD44-3MUT21-132 (upper right) protein models, based on human
CD44 HABD20-178 X-ray diffraction structure (PDB ID: 1UUH; upper left). Compared
to CD44-HABD and -3MUT, complete CD44 HABD contains flanking region (pink) not
directly involved in HA binding. Original CD44-HABD constructs contained β0-sheet
(blue), which was removed from later constructs to improve recombinant protein solubility.
Lower left, two arginine-tyrosine clusters form HA binding site (red). Residues Arg41,
Arg78 and Tyr79 were mutated in CD44-3MUT protein (lower right, teal). Disulfide bonds
are shown as yellow sticks.
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β0 β0’ β1 α1
I I I ^o^o^o^o^o^o^o^o^o^

hCD44 21 QIDLNITCRFAGVFHVEKNGRYSISRTEAADLCKA

CD44-3MUT 1 ......TCRFAGVFHVEKNGAYSISRTEAADLCKA

β2 α2 β3 β4
I ^o^o^o^o^o^o^o^ I I

hCD44 56 FNSTLPTMAQMEKALSIGFETCRYGFIEGHVVIPR

CD44-3MUT 30 FNSTLPTMAQMEKALSIGFETCSSGFIEGHVVIPR

310 β5 β6
^o^o^ I I

hCD44 91 IHPNSICAANNTGVYILTYNTSQYDTYCFNASAPP

CD44-3MUT 65 IHPNSICAANNTGVYILTYNTSQYDTYCFNASAPP

β7
I

hCD44 126 EEDCTSVTDLPNAFD

CD44-3MUT 100 EEDCTSV........

Figure 3 CD44 3MUT protein sequence alignment with human CD44. CD44 3MUT is a
fragment from human CD44 hyaluronan binding domain encompassing aa 27-132 (blue)
with three point mutations: R41A, R78S, Y79S (yellow). These mutations completely dis-
rupt CD44 binding to hyaluronan. β0-sheet (blue right arrow) was removed to improve
protein solubility (see Figure 2). Secondary structure elements are based on crystal struc-
ture of CD44 HABD, 1UUH (Teriete et al., 2004). Right arrows, β -structures. Helices,
α-helices and 310-helix.

by aa directly after the signal peptide. Nevertheless, we were able to purify GST-
tagged bacterially expressed CD44-HABD proteins from soluble fraction using
simple one step affinity purification protocol, although most of the protein appeared
in inclusion bodies. However, β0-sheet contributed to protein aggregation and
significantly affected the solubility of purified proteins. Therefore, we subsequently
removed six N-terminal aa, contributing to β0-sheet, from untagged CD44-3MUT
and in further experiments, eg. pegylation, we used this N-terminally truncated
version (Figure 3, Manuscript).

All successful attempts to purify CD44-HABD are based on method published
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by Banerji et al. (Banerji et al., 1998, Teriete et al., 2004). Our initial attempts to
purify untagged CD44-HABD or CD44-3MUT were based on this protocol, but
we were unable to fully refold the protein. It has been shown that high molecular
weight contaminants could affect protein refolding efficiency and yield (Ouellette
et al., 2003). To ensure the removal of such contaminants, we included an addi-
tional IEC step under denaturing conditions before refolding into our purification
protocol. We found that, although most of the CD44-3MUT protein resulted in
flow through fraction after IEC (Manuscript, Figure 2), the IEC inclusion resulted
in improved protein yield. This was mainly caused by reduced aggregation of
CD44-3MUT. Flow through fraction contained beside CD44-3MUT also consid-
erable amount of contaminating E. coli proteins, suggesting that the purity was
not increased during this step. While IEC step does not enrich CD44-3MUT from
bacterial lysate, we propose that it still eliminates some of the contaminants in-
terfering with folding. Using this protocol, final protein yield for CD44-3MUT
was 1-1.3 mg/g of wet bacterial mass. The molecular weight of untagged CD44-
3MUT with/without N-terminal β0-sheet was 12.3/11.5 kD, respectively, and for
CD44-HABD 12.8 kD. Based on HA binding assay, Banerji et al. reported the fail-
ure of proper refolding of the version of CD44 HABD containing residues 20-120
(Banerji et al., 1998). However, we found that our version of the WT CD44-HABD
GST fusion protein retained its HA binding property in a modified ELISA assay
and in a functional assay, where CD44-HABD was able to inhibit EC migration
towards HA (Publication I, Figure 1). Additionally, we found that hyaluronidase
treatment reduced CD44-HABD binding sites in ECs, while such treatment had no
effect on CD44-3MUT binding to ECs (Patent, Figure 12B,C). Together, these data
confirm that the residues 21-132 are sufficient for proper folding and functionality
of CD44-HABD. Given that R41A mutation does not cause distortion in human
CD44 HABD structure (Banerji et al., 2007) and also other mutated aa (Arg78
and Tyr79) are similarly solvent exposed, we believe that CD44-3MUT assumes
structure close to its WT counterpart.

2 Angiogenesis inhibition by soluble CD44-HABD and
CD44-3MUT (Publication I, Patent)

First, we tested the possible antiangiogenic effect of CD44 in the chick embryo
chorioallantoic membrane (CAM) angiogenesis assay. Chorioallanois is a highly
vascularised extraembyonic tissue of the developing embryo that starts to arise at
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day 7 after start of incubation. At day 10 CAM has completely superseded by yolk
sac membrane and can be used to test angiogenic or antiangiogenic substances.
We used VEGF, bFGF or TGF-α soaked filter disks to induce angiogenesis in 10
day old CAMs. Test protein solutions were applied topically to filter disks once a
day and we used GST as nonspecific protein control. Three days later we dissected
filter disks and surrounding CAM tissue and quantitated angiogenesis by counting
blood vessel branch points below filter area. We found that CD44-HABD GST
fusion protein suppressed angiogenic response induced by different growth factors
(Publication I, Figure 2). To our great surprise, non-HA-binding CD44-3MUT GST
fusion protein appeared equally effective in angiogenesis inhibition. We concluded
from these experiments that CD44 HABD may inhibit angiogenesis induced by
different proangiogenic factors. More importantly, these results suggested that
CD44 HABD can block angiogenesis independently of its HA-binding property.

In a further series of experiments, to confirm antiangiogenic properties of un-
tagged version of CD44-3MUT, we decided to use ex vivo chick aortic fragment
angiogenesis assay. This assay is a modification of rat or mouse aortic arch frag-
ment ex vivo assays. Here, aortic fragments were prepared from 14 day old chick
embryos and implanted into type I collagen gels. In postnatal angiogenesis, blood
vessels invade connective tissue matrix mainly comprised of type I collagen, the
major extracellular protein found in mammals. In chick aortic fragment cultures,
new vessels outgrowth is complete after 48 hours, whereas from mouse or rat aor-
tic fragments the vessel outgrowth takes 7 days. Neovessel outgrowth from aortic
fragments in our assay was strongly dependent on VEGF – uninduced fragments
mostly did not produce any outgrowth – 20-30% the number of vessels per frag-
ment compared to VEGF-stimulated fragments. We found that, the presence of 10
µg/ml CD44-3MUT inhibited mean vessel length in VEGF-induced chick aortic
arch cultures comparably to 10 µg/ml Avastin (Patent, Figure 10). Avastin was
used as a positive control compound. In another independent series of chick aortic
fragment assays (N = 7), we tested CD44-3MUT in concentrations 2.3, 12.7 and
63.5 µg/ml (0.2 nM, 1 µM and 5 µM, respectively; mean vessel length µm ±SE,
uninduced 107.9 ±38.7, and VEGF-induced fragments treated with PBS 261.7
±11.5, GST 257.9 ±10.9, CD44-3MUT 2.3 µg/ml 209.1 ±7.4, CD44-3MUT 12.7
µg/ml 194.7 ±4.4, CD44-3MUT 63.5 µg/ml 192 ±7.3, fumagillin 1 nM 203.3
±8.5; one-way ANOVA, F(8,47) = 10.52, p < 0.0001) and found concentration
dependent trend with mean efficacies comparable to 10 µg/ml Avastin (0.14 nM as
monomeric), here we used also 1 nM fumagillin as a positive control (Wally Ander-
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son, unpublished results). In these experiments, fumagillin effect was comparable
to Avastin. Fumagillin is a natural antibiotic produced by Aspergillus fumigatus
that has strong antiangiogenic effect in vitro and in vivo; its synthetic analogue
TNP-470 slow release formulation is currently in preclinical development (Benny
et al., 2008). Together, we like to state that Avastin and Fumagillin define maxi-
mum inhibitory effect in this assay. Chick aortic arches are derived from growing
embryos and contain proliferating cells. While this might cause occasional vessel
outgrowth in uninduced cultures, then VEGF-stimulation always unleashes this
intrinsic growth potential. The extra VEGF-simulated growth, which is sensitive
to our treatments, is 20-25% on top of the background. Nevertheless, proliferat-
ing ECs are characteristic to tumor microenvironment and this model might quite
properly simulate the real life situation before start of treatment.

Our approach of using soluble fragments of ECM receptors to suppress angio-
genesis and choice of chick CAM model stemmed from study showing that MMP-
2 is recruited to angiogenic blood vessels via binding to αvβ3 integrin (Brooks
et al., 1996). They found that by blocking MMP-2 binding to this integrin, using
soluble recombinant MMP-2 hemopexin domain, also inhibited angiogenesis in
chick CAM and melanoma xenograft growth in mice (Brooks et al., 1998). ECM
enforces growth control over embedded cells. Consequently, processes like blood
vessel growth and tumor cell invasion in three-dimensional ECM is dependent on
pericellular proteolysis mediated by MMP-s. It has been shown that CD44 is a cell
surface docking receptor for MMP-9 (Yu and Stamenkovic, 1999, 2000). MMP-9
is released for example by tissue invading macrophages or by tumor cells and is
involved in proteolytic activation of latent TGF-β . MMP-2 and MMP-9 activity is
necessary for EC migration (Koivunen et al., 1999). Based on chick CAM assay
results, suggesting that HA binding function is not necessary for soluble CD44
fragments to inhibit angiogenesis, we hypothesized alternatively that soluble CD44
HABD fragments could disrupt cell surface localization of MMP-9 and therefore
hamper tissue invasion of ECs. Indeed, we found that CD44-HABD bound MMP-9.
Importantly, MMP-9 binding was lost in its HA-binding site mutants CD44-3MUT,
CD44-HABDR41A or CD44-HABDR78SY79S. Furthermore, CD44-HABD MMP-9
binding was disrupted by addition of HA into pull-down reaction (Wally Anderson,
Anne Pink, unpublished results). Together, these results suggest that MMP-9 binds
to HA-binding region of CD44. Nevertheless, as mutant CD44-HABD proteins
does not bind MMP-9, these results rule out that disruption of MMP-9 localization
or activity by soluble CD44 is responsible for angiogenesis inhibition observed in
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our assays. Consistent with this, study of Chun et al. (2004), directly addressing
the role of collagenolytic activity in angiogenesis, found that type I collagen aortic
fragment cultures derived from MMP-9 or Cd44 KO mice showed normal vessel
outgrowth, suggesting that their function was not important for EC collagen inva-
sion (Chun et al., 2004). Instead, it was found that MT1-MMP, a metalloproteinase
originally thought to be involved only in activation of MMP-2 or MMP-9, itself is
important for invasion of type I collagen matrices (Chun et al., 2004, Hotary et al.,
2003). Interestingly, MT1-MMP is one of the enzymes directly involved in CD44
shedding (Kajita et al., 2001).

3 Tumor xenograft growth inhibition (Publication I, Patent)

According to antiangiogenesis cancer treatment paradigm all solid tumors need to
induce angiogenesis to grow over millimeter size. Therefore, we tested whether
our recombinant proteins could also inhibit tumor growth in mouse sc xenograft
model. For this purpose, first, we used BxPC-3 pancreatic human adenocarcinoma
or SMMU-1 melanoma cells xenografted sc onto backs of nude mice. When the tu-
mors appeared as palpable nodules, BxPC-3 tumor carrying mice started to receive
20 µg of GST fused CD44-HABD, GST-CD44-3MUT or GST alone by sc injec-
tions every second day into a region proximal to the tumor. BxPC-3 cells gave rise
to relatively slow-growing tumors. We found that after 52 days after start of exper-
iment, when the mice were sacrificed, in GST-CD44-HABD or GST-CD44-3MUT
treated mice tumors were approximately 60-70% smaller than in GST treated con-
trols. Then we performed the same experiment using the more aggressive human
SMMU-1 melanoma cell line and observed a significant inhibition of tumor growth
by approximately 50% by GST-CD44-HABD or GST-CD44-3MUT sc treatment
every second day at 50 µg dose (Publication I, Figure 5 and 6).

To assess whether angiogenesis was affected, we analyzed vascular density in
SMMU-1 tumor sections by counting PECAM-1 (CD31)-positive blood vessels.
We found that GST-CD44-HABD or GST-CD44-3MUT treated tumors showed
reduced blood vessel density compared to GST control treatment (Publication
I, Figure 6d). These results suggest that GST-CD44-HABD as well as the GST-
CD44-3MUT inhibited tumor-induced angiogenesis. Therefore, consistent with
antiangiogenesis paradigm, the observed reduced tumor growth may have caused
by suppressed angiogenesis.
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In a liver cancer model, administration of 10 µg dose of CD44-3MUT three
times a week decreased human Hep3B tumor cells xenograft growth. We also
found that CD44-3MUT effect on tumor growth is dose-dependent. Administering
of CD44-3MUT in doses 2, 10 or 50 µg/mouse (0.1-2.5 mg/kg) inhibited tumor
growth in a dose-dependent manner, where 2 µg/mouse treatment was not effec-
tive (Patent, Figure 8). Taken into account that CD44-3MUT is a relatively small
∼12-kD protein with rapid clearance (see Manuscript), we also used constant drug
administration via ip implanted micro-osmotic pump. Such administration allows
more uniform release of CD44-3MUT over time and may improve its antiangio-
genic and anti-tumor efficacy. To this end we found that CD44-3MUT adminis-
tration to mice carrying Hep3B sc xenografts using micro-osmotic pumps, with
calculated dose of 1 µg/mouse/day, inhibited tumor growth more effectively than
the same dose administrated via ip injections (Patent, Figure 9). Importantly, in
this model CD44-3MUT dosing 10 µg (0.5 mg/kg) ip three times a week was able
to inhibit tumor growth comparably to Bevacizumab in dose 100 µg (5 mg/kg) ip
two times a week (Patent, Figure 11).

Subsequent analysis of Hep3B tumor xenografts for vascular density revealed
no significant differences between control and CD44-3MUT treatments, whereas
Bevacizumab treatment resulted in less vascularized tumors (Riin Saarmäe, un-
published results). Notably, characteristic features of Bevacizumab treated tumors
were macroscopically pale appearance and, histologically, blood vessels had en-
larged lumens. Such large blood vessels are shown to be resistant to anti-VEGF
treatment (Li et al., 2011). The inconsistency between different tumor models in re-
duction of vascular density in response to CD44-HABD or CD44-3MUT treatment
could be explained by different sensitivity of tumor cells to hypoxic conditions.
SMMU-1 melanoma cells were probably less sensitive and expanded relatively
better even when blood vessel growth was suppressed. Whereas, Hep3B cells are
probably more stringently controlled by hypoxia in tumor microenvironment and
therefore in Hep3B tumors blood vessel density remained constant. Alternatively,
CD44-3MUT might have direct effect in vivo on Hep3B cells, however, CD44-
3MUT binding to Hep3B cells was non saturable and had low affinity (see section
4).

Taken together, our results show that CD44-3MUT inhibits growth of various
human tumor models xenografted into athymic nude mice, including SMMU-1
melanoma, BxPC-3 pancreatic adenocarcinoma and Hep3B hepatic adenocarci-
noma.
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4 Endothelial cell binding and growth inhibition
(Publication I, Patent)

Angiogenesis is a complex process and its steps include dissolving of basement
membrane and tissue invasion, latter involving migration and proliferation. Our
results show that CD44 takes part in EC migration primarily via its HA binding
property (Publication I, Figure 1C) and soluble CD44-HABD R41A does not
affect HA-stimulated EC migration. Additionally, we could not detect that our
recombinant CD44-HABD binds MMP-9 (see section 2), suggesting that putative
CD44-MMP-9 invasion mechanism of pericellular proteolysis was not affected
(we did not test MT1-MMP interaction, though). Based on these arguments we
proposed that CD44-HABD or CD44-3MUT elicit their effect by direct binding to
cells. This is contrasted to indirect effects by blocking CD44 binding sites in ECM
or disrupting CD44–MMP-9 interaction. To this end we estimated dissociation
constants (Kd) and maximum number of binding sites (Bmax) from saturation
binding experiments with 125I-labeled CD44-3MUT for a number of cell lines
(Table 1). Rationale for choosing CD44-3MUT was to eliminate HA binding to
measure other putative interactions. We found that 125I-CD44-3MUT binds with
comparable affinity to most of our tested cell lines with Kd between 100-200
nM. Three cell lines differed in our sample, Ramos lymphoma cells bound CD44-
3MUT with highest affinity, in contrast binding to MCF7 breast carcinoma cells
was saturable but low affinity and binding to Hep3B cells remained practically
unsaturated. We concluded from these results that there is a specific binding site
for CD44-3MUT on the surface of cells of different origin.

Next we tested if GST-CD44-HABD proteins might affect endothelial cell pro-
liferation. To this end, HUVEC and CPAE endothelial cells, as well as various
other primary and tumor cells were grown in the presence of GST, GST-CD44-
HABD or GST-CD44-3MUT. We found that HUVEC and CPAE cells exposed
to GST-HABD or GST-3MUT for 48 h displayed a markedly reduced amount of
cells in cell cycle S-phase as compared to GST-treated control cells (Publication
I, Figure 3). We also evaluated whether the effect of our CD44 proteins is dose
dependent, first, in MTT assay, which measures cell number and, secondly, by mea-
suring the number of S-phase cells. GST-fused proteins showed clear concentration-
dependent effect on CPAE cells in MTT assay (Publication I, Figure 4). By us-
ing CPAE cells we observed that also GST had some growth inhibitory effect
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Table 1 125I-CD44-3MUT cellular binding (Patent, Table 1).

Cells Kd, nM Bmax, fmol/cell Na Cells origin

Ramos 54 ±22b 0.0198 ±0.0054 2 Human Burkitt's lymphoma
Raji 140 ±9 0.0175 ±6.2E-5 2 Human Burkitt's lymphoma
THP-1 93 ±19 0.0226 ±0.0133 5 Human Myelocytic leukemia
HUVEC 146 ±72 0.028 ±0.019 15 Human umbilical vein ECs
PC-3 171 ±62 0.0192 ±0.0023 2 Human prostate adenocarcinoma
COS-1 176 ±74 0.0305 ±0.021 5 Green monkey kidney fibroblasts
CPAE 185 0.08 1 Cow pulmonary artery ECs
MCF7 422 ±379 0.095 ±0.097 2 Human breast adenocarcinoma
Hep3B 966 ±764 0.265 ±0.19 4 Human hepatocellular carcinoma

anumber of experiments.
bvalues shown as mean ±SD.

at higher concentrations, although much smaller compared to GST-CD44-HABD
or GST-CD44-3MUT. This effect was probably caused by endotoxins in our pro-
tein samples. HUVEC tolerated without significant growth inhibition much higher
amounts of bacterial LPS than endotoxins measured in our bacterial recombinant
CD44-3MUT preparations. However, unlike HUVEC, CPAE cells were sensitive
to LPS (Lagle Kasak, unpublished results). Therefore, we confirmed the growth
inhibitory effect of CD44-3MUT in HUVEC model, using concentration range
0.1-10 µM and found up to 40% reduction in number of S-phase cells (Patent,
Figure 15). Notably, we did not observed increased apoptosis within the treated
cell populations, which indicated that the primary effect on HUVEC growth was
because of reduced cell proliferation.

In contrast, GST-CD44-HABD or GST-CD44-3MUT had no significant effect
on cell proliferation of other untransformed cells including normal human der-
mal fibroblasts (NHDF), human embryonic kidney cells (HEK-293) and tumor
cells of various origins – MCF7 breast carcinoma cells, SMMU-1 melanoma cells,
U373MG glioblastoma cells, BxPC-3 pancreatic carcinoma cells. These data sug-
gested that cell growth inhibitory effect by CD44-HABD is specific to ECs.

Taken together, these data indicate that CD44-HABD and CD44-3MUT directly
inhibit endothelial cell proliferation and thus act as direct angiogenesis inhibitors.
Regarding cell cycle control mechanism affected, we found that cyclin D1 upregu-
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lation was suppressed and delayed after release from serum starvation in synchro-
nised HUVEC population treated with CD44-3MUT or CD44-HABD. Further,
we found that cyclin D1 levels could be rescued by inhibition of GSK-3β by us-
ing either LiCl or specific inhibitor SB216763 (Wally Anderson and Taavi Päll,
unpublished results). GSK-3β is a serine-threonine protein kinase, that plays an
important role in the control of cyclin D1 expression level by regulating its tran-
scription and protein degradation. Cyclin D1 is expressed in response to many
mitogenic signals and triggers in cells G0→G1 entry. The cyclin D1 mRNA level
increases greatly following mitogenic stimulation and both mRNA and protein
levels of cyclin D1 are under stringent regulation after induction. Possible mecha-
nisms for cyclin D1 inhibition by soluble CD44-3MUT include either interference
of growth factor receptor signaling or with cell adhesion, possibly by disrupting
receptor complexes. CD44 is involved in EGFR (ErbB family), VEGFR2 and c-
Met signaling, in all these cases functioning as a co-receptor (Sherman et al., 2000,
Singleton et al., 2007, Tremmel et al., 2009).

We tested CD44-3MUT binding to recombinant VEGFR1 and VEGFR2 in a in
vitro assay. However, we found that CD44-3MUT does not bind to these receptors,
therefore ruling out that CD44-3MUT functions as antagonist to VEGF signaling
(Patent, Figure 13). Additionally, it has been shown that CD44 complex formation
with VEGFR2 and c-Met is dependent on CD44 variant exon 6, which lies outside
of CD44 HABD (Singleton et al., 2007, Tremmel et al., 2009).

High molecular weight HA inhibits cyclin D1 expression and proliferation in
vascular smooth muscle cells (Cuff et al., 2001, Kothapalli et al., 2007), whereas
such native HA has been shown to induce CD44 clustering (Yang et al., 2012).
Also in angiogenic signaling, high molecular weight HA shows inhibitory effect on
early-response gene upregulation, whereas HA oligomers were stimulatory (Deed
et al., 1997). However, the mechanism by which HA binding to CD44 regulates
cell cycle proteins is not clear. Probably, it’s still related to receptor tyrosine kinase
signaling, where CD44 functions as a coreceptor. To fit CD44-3MUT mediated EC
growth inhibition into this context, we should assume that CD44-3MUT induces
membrane CD44 clustering similarly to high molecular weight HA, rather than
breaking it apart.
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5 CD44 interaction with vimentin on endothelial cells
(Publication II)

Based on our findings that CD44-HABD and CD44-3MUT bind to ECs and ex-
ert direct effect on EC proliferation, we proposed that CD44 HABD could bind
additionally to a different ligand than HA. To catch this putative EC target of
CD44-3MUT we used GST pull-down from HUVEC lysate. When we identified
the 50–60-kD protein consistently co-precipitating with GST-CD44-3MUT by
MALDI-TOF-MS fingerprinting, we found intermediate filament protein vimentin.
Vimentin is considered as a common contaminant in mass spectrometry analyses.
Nevertheless, vimentin band persisted in CD44-3MUT pull-downs. Therefore, we
decided to verify this interaction, further motivated by Mor-Vaknin et al., 2003
publication which showed that vimentin can be secreted by activated macrophages.
To confirm CD44-HABD binding to vimentin, we performed pull-down assay us-
ing purified vimentin and found that both CD44-HABD and CD44-3MUT bind vi-
mentin directly (Publication II, Figure 1). To test full-length CD44 and vimentin as-
sociation, we co-immunoprecipitated endogenous CD44–vimentin complex from
HUVEC lysate and this complex was also present when both proteins were over-
expressed in vimentin nonexpressing MCF7 cells.

Several independent findings make CD44–vimentin interaction spaciotempo-
rally possible. First, number of reports show that CD44 and vimentin are both
present in membrane lipid rafts in different cell models (Oliferenko et al., 1999,
Runembert et al., 2002, Thankamony and Knudson, 2006); second, CD44 and vi-
mentin localize to clathrin independent carrier vesicles (Howes et al., 2010), which
contain, among others, already known vimentin cargo integrin β1.

Cell surface vimentin is a well-known phenomenon without any known function
– when we overexpressed vimentin in MCF7 cells, it was biochemically detectable
on the surface of living cells (Publication II, Figure S1). Naturally, HUVEC with
high endogenous vimentin level express it in the cell surface. When serum starved
HUVEC were induced with VEGF, CD44-3MUT could pull-down extracellular
vimentin (Publication II, Figure 3). The latter is directly related to another our find-
ing that CD44-3MUT binding to HUVEC increased in response to growth factor
stimulation. Thus, our results are consistent with findings showing that vimentin
is detected on the surface of malignant lymphocytes, activated macrophages and
platelets (Huet et al., 2006, Mor-Vaknin et al., 2003, Podor et al., 2002). Vimentin
provides bacterial binding sites on the surface of human brain endothelial cells
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(Zou et al., 2006). Importantly, vimentin is expressed on the surface of angiogenic
blood vessels, as it is induced in tumor vasculature and is accessible to antibody
treatment (van Beijnum et al., 2006). Physiological relevance of the interaction
is further suggested, by our findings that vimentin provides specific cell surface
binding site for CD44-3MUT (Publication II, Figure 3), along with the fact that
soluble CD44 is present in circulation in considerable amount.

Using vimentin deletion mutants we mapped CD44 HABD binding site to the vi-
mentin head domain (Publication II, Figure 2). In vitro dissociation constant using
full length vimentin was in 12–74 nM range measured by two different methods
(Publication II, Table 1 and 2). Isothermal titration calorimetry showed 12–37 nM
Kd in solution, which was 2–5 times higher, than affinity obtained by surface plas-
mon resonance. Such difference between these methods can be explained either by
limited dynamics of the immobilized vimentin or by sterical interferences in the
SPR chip environment. Importantly, stoichiometry of the CD44-3MUT:vimentin
complex was approximately 1:8. This is consistent with the vimentin filament
structure and our finding that CD44 binds to vimentin head domain. Vimentin
head-domain is essential for filament formation, as "head-less" vimentin does not
oligomerize beyond dimer (Chernyatina et al., 2012). Head-domain interactions
include ankyrin binding at the plasma membrane (Aziz et al., 2010, Georgatos
et al., 1985).

Vimentin IF model seems to imply that some of the head domains stick out
beyond filament or ULF surface. Vimentin forms a nonpolar 32-meric unit-length
filaments consisting of 16 dimers or 8 tetramers (Sokolova et al., 2006). The stoi-
chiometry of 6–10 moles of vimentin per one mole CD44-3MUT probably reflects
the number of head domains available on the ULF surface. The exact model of
vimentin binding by CD44 or whether its binding site coincides with the HA bind-
ing surface is not known. However, our data show that in CD44 molecule intact
HA binding site is not necessary for vimentin binding.

6 Endocytosis of CD44-HABD and CD44-3MUT by
endothelial cells (Publication II)

Plasma membrane CD44 is largely endocytosed via clathrin independent carriers
in migrating fibroblasts (Howes et al., 2010). Accordingly, based on or finding
that vimentin provides specific binding site for CD44-3MUT on ECs, we decided
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to test whether CD44-3MUT becomes endocytosed. We incubated HUVEC with
CD44-3MUT for 30 min to allow internalization and detected endocytosed pro-
tein using mouse monoclonal antibody raised against CD44-3MUT (Publication
II, Figure S2). We found that CD44-3MUT was indeed endocytosed and displayed
a vesicular localization pattern in the cytoplasm of ECs. Next, we used CD44-
HABD and CD44-3MUT directly conjugated to Alexa Fluor fluorochrome to track
their endocytosis. Fluorescence-conjugated CD44-HABD and CD44-3MUT were
endocytosed and distributed in HUVEC cytoplasm similarly to each other, local-
ized to vesicles with pattern similar to unlabeled CD44-3MUT. Co-staining with
endocytosis marker showed that freshly endocytosed CD44-3MUT was targeted
mostly to EEA1-positive early endosomes – 10 min after start of incubation 30%
of the EEA1-positive vesicles were CD44-3MUT-positive, but EEA1 colocaliza-
tion waned rapidly and 20 min later only 10% EEA1 vesicles colocalized with
CD44-3MUT. However, 90 min after CD44-3MUT pulse cells were essentially
free of detectable CD44-3MUT (Taavi Päll, unpublished results). The fate of en-
docytosed CD44-3MUT was probably lysosomal degradation. However, we could
not observe accumulation or colocalization of CD44-3MUT in CD63-positive late
endosomal compartment or in the juxtanuclear area, corresponding to trans-Golgi
network. This is compatible also with rapid recycling back to the plasma mem-
brane from early endosomes, but then we should probably see the fluorescent
signal to persist much longer.

HUVEC express vimentin at high level and endocytosed CD44-3MUT-containing
vesicles were surrounded by a dense network of vimentin IF. However, we did not
observe extensive colocalization of CD44-3MUT with vimentin filaments. Cyto-
plasmic vimentin is present in different forms – long filaments, short squiggles or
particles. Filaments are mainly concentrated around nucleus, in cell trailing edge
and tail. Squiggles are located near filament tips at the lamellipodium border and
vimentin particles localize in lamellipodium (Prahlad et al., 1998). The nature
of directly membranes-associated or -embedded vimentin is not known. Based
on fluorescence microscopy data, we suggest that its not filamentous, but rather
dimers-tetramers.

To test directly whether vimentin mediates CD44-3MUT internalization, first
we isolated lung endothelial cells from wt or Vim KO mice. Initially, we also
attempted to suppress vimentin expression in HUVEC using siRNA. Neverthe-
less, due to very high expression and/or functional significance, vimentin silencing
caused apoptosis and was overall not effective. Characterization of isolated MLEC
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for EC-specific cell surface markers by flow cytometry showed that PECAM-1
and CD44 were expressed on Vim KO MLEC at levels comparable to wt cells.
However, we found that ICAM-2 expression was reduced on Vim KO MLEC com-
pared to wt cells. Previously, it has been shown reduced ICAM-1 and VCAM-1
in isolated mouse skin ECs (Nieminen et al., 2006). Together, these data indicate
defective plasma membrane trafficking of adhesion receptors in Vim KOs. Spe-
cific defect in receptor-mediated endocytosis can be ruled out, as Vim KO cells
show normal transferrin receptor level and distribution (Faigle et al., 2000, Sty-
ers et al., 2004). Nevertheless, our endocytosis assays using fluorescence-labeled
CD44-3MUT showed that, while wt MLEC endocytosed CD44-3MUT compa-
rably to HUVEC after 30 min uptake, CD44-3MUT uptake by MLECs isolated
from Vim KO mice was clearly reduced (Publication II, Figure 6). Together our
data demonstrate that CD44-3MUT is endocytosed following binding to plasma
membrane and localizes transiently to early endosomes, whereas CD44-3MUT EC
uptake is covered by the presence of vimentin.
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CONCLUSIONS

1. Human recombinant CD44 HABD and its non-hyaluronan binding triple-
mutant can be efficiently expressed and purified from bacterial system.

2. CD44-HABD and CD44-3MUT inhibit angiogenesis in chick CAM and
aortic fragment models.

3. antiangiogenesis effect of CD44-HABD and CD44-3MUT is independent
of hyaluronan binding function.

4. CD44-HABD and CD44-3MUT inhibit human tumor xenograft growth in
mice, showing that this is also independent of hyaluronan binding function.

5. Tumor growth inhibition associated with reduced vascular density, suggest-
ing that the effect is caused by suppressed angiogenesis.

6. antiangiogenic effect of CD44-HABD and CD44-3MUT is caused by inhi-
bition of EC proliferation.

7. CD44-HABD and CD44-3MUT bind directly to EC and are endocytosed.
8. Vimentin binds and mediates endocytosis of CD44-HABD and CD44-3MUT.
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CD44 is the main cellular receptor for hyaluronic acid
(HA). We previously found that overexpression of CD44
inhibited tumor growth of mouse fibrosarcoma cells in
mice. Here, we show that soluble recombinant CD44 HA-
binding domain (CD44-HABD) acts directly onto en-
dothelial cells by inhibiting endothelial cell proliferation in
a cell-specific manner. Consequently, soluble recombinant
CD44-HABD also blocked angiogenesis in vivo in chick
and mouse, and thereby inhibited tumor growth of various
origins at very low doses (0.25 mg/kg� day). The
antiangiogenic effect of CD44 is independent of its HA-
binding capacity, since mutants deficient in HA binding
still maintain their antiangiogenic and antiproliferative
properties. Recombinant CD44-HABD represents a novel
class of angiogenesis inhibitors based on a cell-surface
receptor.
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Introduction

CD44 is a transmembrane receptor for hyaluronic acid
(HA) (Aruffo et al., 1990) that is functional in HA
metabolism (Culty et al., 1992; Kaya et al., 1997), cell
migration (Thomas et al., 1992) and cell adhesion
(Lesley et al., 1993). The highly conserved link module
located in the amino-terminal portion of the extracel-
lular domain mediates CD44 binding to HA. CD44
displays a complex pattern of alternative splicing within
its extracellular domain, and the genomic structure of
the CD44 gene reveals the presence of 10 alternatively
spliced exons (Screaton et al., 1992). Alternatively
spliced CD44 variant isoforms have been reported to

confer a metastatic phenotype to tumor cells (Gunthert
et al., 1991; Arch et al., 1992). We previously found that
the CD44 standard isoform induced metastatic capacity
of mouse fibrosarcoma cells while it inhibited subcuta-
neous tumor growth in mice (Kogerman et al., 1997).
Mouse fibrosarcoma cells overexpressing the human
CD44 standard isoform showed prolonged latency time
for growth in mice compared to parental cells, and the
transgene CD44 expression was downregulated once
subcutaneous tumors were established. Moreover, tu-
morigenicity studies with SV40 large T-transformed
CD44-negative fibroblasts showed that reintroduction
of the CD44 standard isoform into these cells signifi-
cantly reduced subcutaneous tumor growth in mice
(Schmits et al., 1997).
The formation of solid tumors is dependent on

the formation of new blood vessels by angiogenesis
(Hanahan and Folkman, 1996). A switch to an angiogenic
phenotype is one of the critical steps in the development
of a malignant tumor phenotype and is dependent on
the balance between pro- and anti-angiogenic factors in
the tumor microenvironment. Several endogenous an-
giogenesis inhibitors have been described, including
endostatin (a fragment of collagen type XVIII) (O’Reilly
et al., 1997), angiostatin (a fragment of plasminogen)
(O’Reilly et al., 1994), thrombospondin (Guo et al.,
1997), antithrombin (O’Reilly et al., 1999), and pigment
epithelium-derived factor (Stellmach et al., 2001). There
are two types of angiogenesis inhibitors: direct inhibitors
acting directly onto vascular cells and indirect inhibitors
acting on neighboring cells or factors in the surrounding
that would otherwise stimulate angiogenesis (Kerbel and
Folkman, 2002).
CD44 has been suggested to promote tumor angio-

genesis and growth by mediating localization of matrix
metalloprotease-9 (MMP-9) to the tumor cell surface
(Yu and Stamenkovic, 1999, 2000), since overexpression
in tumor cells of a naturally occurring soluble CD44
isoform disrupted the localization of MMP-9 to the
tumor cell surface and inhibited tumor growth and
invasion (Yu and Stamenkovic, 1999, 2000). The
resulting tumors were also less vascularized, suggesting
that the tumor growth inhibition might be related to an
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inhibition of tumor angiogenesis (Yu and Stamenkovic,
1999, 2000).
Given that CD44 overexpression on the tumor cell

surface can inhibit tumor growth, we hypothesized that
a purified recombinant CD44-HABD might serve as an
angiogenesis inhibitor and may thereby block tumor
growth. Furthermore, as CD44 is the main cellular
receptor for HA, we wanted to test whether the potential
effects on angiogenesis and tumor growth could be
dependent on the HA-binding properties of CD44.
Therefore, we produced recombinant CD44-HABD and
various non-HA-binding mutants thereof and tested
them in various models of cell proliferation, angiogen-
esis and tumor growth.
We report here that soluble CD44-HABD inhibits

tumor growth and angiogenesis. The observed tumor
growth- and angiogenesis-inhibiting effect of CD44-
HABD is independent of HA binding since a non-HA-
binding mutant was equally effective. Furthermore,
CD44-HABD blocked cell proliferation in an endothe-
lial cell-specific manner and showed no effect on
proliferation of tumor cells or untransformed epithelial
or fibroblast cells. Therefore, recombinant CD44-
HABD represents a new type of direct angiogenesis
inhibitor based on a cell surface receptor.

Results

Recombinant CD44-HABD binds to HA and inhibits
HA-induced endothelial cell migration

The HA-binding domain is the most evolutionary
conserved region in the extracellular part of the CD44
receptor, with human and avian CD44 showing a 78%
amino acid (aa) similarity and a 57% amino acid (aa)
identity within aa 21–133 (Figure 1a). To test if CD44-
HABD might inhibit tumor growth and angiogenesis,
we created recombinant bacterial glutathione S-trans-
ferase (GST) fusion proteins of CD44-HABD (GST-
HABD). We also generated three mutants of human
CD44-HABD GST-fusion proteins at positions that
have previously been demonstrated or predicted to
make CD44 defective in HA binding (Bajorath et al.,
1998): GST-HABDR41A (GST-R41A), GST-
HABDR78SY79S (GST-R78SY79S), and the triple mutant
GST-HABDR41AR78SY79S (GST-3MUT) (the numbers
correspond to aa positions in full-length human
CD44). To test the HA-binding capacity of the
recombinant GST-HABD proteins, we performed a
modified ELISA assay with immobilized HA. In this
assay, wild-type CD44 fusion proteins were bound to
HA in a concentration-dependent manner while the
mutant protein did not display any binding signifi-
cantly higher than the background even at high
concentrations (Figure 1b). Given that CD44 mediates
cell migration on HA (Thomas et al., 1992), we then
tested the effect of soluble CD44-HABD proteins on
cell migration. We found that wild-type GST-HABD
but not the GST-R41A non-HA-binding mutant
inhibited HA-induced human aortic endothelial cell

(HAEC) migration (Figure 1c). This effect on cell
migration was specific for HA-mediated migration,
since migration towards collagen type I was not
inhibited (data not shown). Furthermore, preincuba-
tion of endothelial cells with an antibody that
specifically blocks CD44 binding to HA (GKW.A3;
(Guo et al., 1994)) also inhibited their migration
towards HA (Figure 1c). This demonstrates that while
wild-type CD44-HABD binds to HA and inhibits HA-
induced cell migration, all the mutants were deficient in
these capacities.

Figure 1 Properties of recombinant CD44-HABD. (a) Amino
acid alignment of human and chick CD44-HABD demonstrates a
high degree of sequence conservation during evolution; identical aa
residues are shown in the middle and conservative replacements are
indicated (þ ). Amino acid residues involved in HA-binding are
indicated with asterisks and residues mutated in this study are
boxed. (b) GST-HABD, but not GST-3MUT or GST control
bound to immobilized HA in a modified ELISA assay. (c) GST-
HABD inhibits HA-induced human aortic endothelial cell migra-
tion, whereas GST-R41A non-HA-binding mutant had no effect.
GKW.A3, a monoclonal antibody to CD44 that blocks CD44
binding to HA, also blocks HAEC haptotaxis towards HA. Error
bars in (b) and (c) indicate s.e.

CD44 inhibits angiogenesis independently of HA binding
T Päll et al

7875

Oncogene



Recombinant CD44-HABD proteins inhibit angiogenesis
in the chick chorio-allantoic membrane

To test the effect of CD44-HABD on angiogenesis, we
used a chick chorio-allantoic membrane (CAM) angio-
genesis assay (Brooks et al., 1999). We induced
angiogenesis in 10-day-old chick embryo CAMs by the
use of filter discs saturated with 100 ng/ml VEGF, 1 mg/
ml bFGF or 200 ng/ml TGFa. Growth factor-saturated
filter discs were then treated by daily topical addition of
10 mg of GST-HABD, GST-3MUT, GST or vehicle
alone. After 3 days, we dissected the filter discs with the
surrounding CAM and analysed for angiogenesis by
quantifying the number of blood vessel branch points
under the filter disc area. Angiogenesis was induced to a
similar degree by all three growth factors (Figure 2).
Importantly, the angiogenic effects of VEGF, bFGF
and TGFa were completely abolished by GST-HABD
or GST-3MUT but not by GST or PBS treatment
(Figure 2a–f). In addition, treatment with a GST-
HABDR41A gave a similar inhibition (data not shown).
Therefore, recombinant CD44-HABD blocked angio-
genesis that was induced by three distinct angiogenic
factors, indicating that CD44-HABD may inhibit
angiogenesis regardless of the route of induction.
Furthermore, surprisingly, this inhibition of angiogen-
esis by recombinant CD44 was independent of HA

binding since the non-HA-binding mutants were as
effective in blocking angiogenesis as wild-type CD44-
HABD.

CD44-HABD specifically blocks endothelial cell
proliferation

Angiogenesis is a complex process involving cell
proliferation, invasion and cell motility. CD44-mediated
migration of endothelial cells towards HA is dependent
on its HA-binding properties (Figure 1c). To analyse if
CD44-HABD could execute a direct effect on vascular
endothelial cells, we tested if CD44-HABD could
directly bind to endothelial cells. Therefore, we labeled
GST-HABD, GST-3MUT or GST protein alone with
Alexa488 fluorochrome and tested binding of these
proteins to different endothelial and non-endothelial cell
lines. Flow cytometry analysis showed that GST-HABD
and GST-3MUT proteins but not GST protein bound to
CPAE endothelial cells but not to COS-1 kidney
fibroblasts (data not shown), suggesting that the
CD44-HABD may bind directly to a putative receptor
present on endothelial cells.
Therefore, we tested if recombinant CD44-HABD

proteins might affect endothelial cell proliferation. To
this end, HUVEC and CPAE endothelial cells, as well as
various other primary and tumor cells were grown in the

Figure 2 Recombinant CD44-HABD blocks angiogenesis in vivo. (a, c and e) Filter discs and associated CAM from representative
angiogenesis experiments where angiogenesis was induced with VEGF (a), TGFa (c) or bFGF (e). (b, d and f) Angiogenesis was
assessed as the number of blood vessel branch points within the CAM area directly under the filter discs (n¼ 6 for each experiment).
Filter discs were soaked with PBS only (empty bars) or with the respective growth factor (filled bars). Data in (b, d and f) represent the
average effects on angiogenesis of at least three independent experiments 7s.e. Abbreviations: HABD, GST-HABD; 3MUT, GST-
3MUT. *Po0.05; **Po0.01
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presence of GST, GST-HABD or GST-3MUT. HU-
VEC and CPAE cells exposed to GST-HABD or GST-
3MUT for 48 h displayed a markedly reduced amount of
cells in S phase as compared to control-treated cells
(Figure 3a and b), indicating that CD44-HABD directly
inhibits endothelial cell proliferation and thus acts as a
direct angiogenesis inhibitor. By contrast, CD44-HABD
had no significant effect on cell proliferation of other
untransformed cells of mesodermal (NHDF; Figure 3)
or epithelial (HEK-293; Figure 3) origin or on tumor
cells of various origins (MCF-7 breast carcinoma cells,
SMMU-1 melanoma cells, U373MG glioblastoma cells,
BxPC-3 pancreatic carcinoma cells; Figure 3). This
suggests that cell growth inhibition by CD44-HABD is
endothelial cell specific. However, we did not detect any
increase in apoptosis within the treated cell populations
(data not shown), indicating that the primary effect on
endothelial cells may be on cell proliferation.
To test if the effect on the endothelial cells was dose-

dependent, we performed a dose–response analysis on
CPAE cells using an MTT assay followed by spectro-
photometric detection. As shown in Figure 4, both WT
(GST-HABD) and 3MUT (GST-3MUT) versions of
CD44-HABD inhibited the proliferation of CPAE cells
at concentrations starting from 0.5 to 1 mg/ml. At the
highest concentration used (10 mg/ml), GST control
protein also has a slight effect on cell proliferation but
this effect was much weaker than that seen with CD44-
HABD proteins. These data indicate that recombinant
CD44-HABD proteins inhibit the proliferation of
endothelial cells in a dose-dependent manner.

Recombinant CD44-HABD inhibits tumor growth and
angiogenesis at low doses independent of HA binding

Given that CD44-HABD inhibits both angiogenesis in
the chick CAM and endothelial cell proliferation, we

wanted to test if our recombinant proteins could also
inhibit tumor growth. For this purpose, we injected
1� 106 BxPC-3 pancreatic human adenocarcinoma or
SMMU-1 melanoma cells subcutaneously (s.c.) onto the
backs of nude mice. When the tumors appeared as
palpable nodules, mice received GST-HABD, GST-
3MUT or GST by s.c. injections every second day into a
region proximal to the tumor. BxPC-3 cells gave rise to
slow-growing tumors. The GST-treated controls
reached an average weight of 0.26770.042 g (n¼ 6) on
day 52 when the mice were killed (Figure 5a–c).
However, treatment of the mice with 0.25mg/kg day
GST-HABD or GST-3MUT protein significantly in-
hibited BxPC-3 tumor growth and reduced the average
tumor weight by approximately 60% (0.10870.028 g;
P¼ 0.0159; n¼ 6) and 70% (0.08570.017 g; P¼ 0.0076;
n¼ 5), respectively (Figure 5b). We then performed the
same experiment using the more aggressive SMMU-1
melanoma cell line and again observed a significant
inhibition of tumor growth by approximately 50% by
both GST-HABD and GST-3MUT treatment (average
tumor weight after sacrifice after 16 days was
0.8170.061 g (P¼ 0.0015; n¼ 8) and 0.74670.132 g
(P¼ 0.0014; n¼ 7), respectively), as compared to GST-
treated controls (1.55970.124 g; n¼ 8) (Figure 6a–c).
Next, we analysed mouse subcutaneous SMMU-1 and

BxPC-3 tumors for blood vessel density by counting
PECAM-1 (CD31)-positive blood vessels. GST-HABD
or GST-3MUT treatment significantly reduced blood
vessel density in SMMU-1 tumors compared to
GST-control treatment (Figure 6d), indicating that
CD44-HABD as well as the GST-3MUT also blocked
tumor-induced angiogenesis. Similar results were also
obtained with BxPC-3 tumors (data not shown). Given
that inhibition of angiogenesis is known to suppress
tumor growth (Holmgren et al., 1995; O’Reilly et al.,
1997, 1996; Parangi et al., 1996), and that we found
CD44-HABD to block angiogenesis directly (Figure 2),

Figure 3 Recombinant CD44-HABD specifically blocks endothe-
lial cell proliferation. Exponentially growing cell populations
were treated with GST, GST-HABD or GST-3MUT for 48 h.
Cells were incubated with BrdU and their cell cycle distributions
were determined by flow cytometry analysis of BrdU and PI
content as described in Materials and methods. Bars represent the
proportion of cells in S phase of endothelial cells; HUVEC and
CPAE primary human dermal fibroblasts, NHDF epithelial
embryonic kidney cells, HEK-293 and different tumor cells;
MCF-7 breast carcinoma, SMMU-1 melanoma, U373MG glio-
blastoma and BxPC-3 pancreatic adenocarcinoma. The data
represent the mean of three experiments 7s.e.

Figure 4 Endothelial cell growth inhibition by CD44-HABD is
concentration dependent. Exponentially growing CPAE cells were
treated with indicated amounts of GST-HABD, GST-3MUT or
GST for 48 h and the effect on cell proliferation was measured by
MTT assay. The plot represents the average percentage of triplicate
wells (mean7s.e.) normalized to vechicle-treated controls
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the tumor growth inhibition by CD44-HABD proteins is
likely to be caused by the inhibition of angiogenesis.

Discussion

In this study, we describe a novel type of angiogenesis
inhibitor, a domain of the cell surface receptor CD44
(CD44-HABD). CD44-HABD blocked angiogenesis in
chick CAM induced by various growth factors. CD44-
HABD acted directly on endothelial cells and blocked
their cell proliferation, indicating that CD44-HABD
may act as a direct angiogenesis inhibitor. Surprisingly,
the inhibition of endothelial cell proliferation and
angiogenesis by CD44-HABD was independent of HA
binding, since CD44-HABD non-HA-binding mutant
maintained the antiproliferative and antiangiogenic
properties. Finally, treatment of mice with soluble
CD44-HABD proteins significantly suppressed in vivo
growth of different tumors and inhibited tumor
vascularization. While inhibition of tumor angiogenesis
by CD44-HABD is the most likely explanation for our
results, alternative explanations cannot be excluded. For
instance, CD44-HABD might prevent cell–cell contact
of tumor cells precluding the development of a solid
mass or it might alter the expression of stromal factors
essential for tumor growth. Whatever the mechanism,
the observed inhibition of tumor growth opens up the

possibility that CD44-HABD may be developed into a
drug for treatment of human cancer. Of course, much
work remains to be carried out to test that possibility.
As a first task, sufficient quantities of CD44 must be
obtained to develop an intravenous injection protocol
for this protein.
Recent reports show that CD44 extracellular domain

can be released from the cell surface by proteolytic
cleavage and incorporated into extracellular matrices
(ECM) (Okamoto et al., 1999; Cichy et al., 2002;
Okamoto et al., 2002). Possible functions for soluble
CD44 in ECM include organization of the matrix and
the anchoring of growth factors to the ECM. Soluble
CD44 levels are elevated in the blood during inflamma-
tion and CD44 proteolytic cleavage is enhanced in
multiple tumors (Katoh et al., 1994; Okamoto et al.,
2002). In previous studies, disruption of tumor cell
adhesion to HA by overexpression of soluble CD44
isoforms in tumor cells inhibited HA-induced melanoma
cell proliferation and tumor growth in mice (Ahrens
et al., 2001). Furthermore, the metastatic capability of
murine mammary carcinoma cells was inhibited by
overexpression of CD44, these tumors could not be
established in the secondary site and instead underwent
apoptosis (Yu et al., 1997). In both these cases, soluble
CD44 acted by inhibiting binding of HA to cell surface
CD44. The CD44 to HA interaction also plays a role in
endothelial cell proliferation as antibodies against CD44
blocked a mitogenic response to HA in these cells
(Lokeshwar et al., 1996; Trochon et al., 1996; Savani

Figure 6 CD44-HABD fusion proteins inhibit melanoma growth
in vivo. (a) Growth curves of s.c. SMMU-1 melanoma tumors in
nude mice treated with GST-HABD, GST-3MUT or GST control
(Labeling is the same as in Figure 5). (b) Average SMMU-1 tumor
weights at the end of the experiment, day 16 (n¼ 6–8). (c) Pictures
of representative SMMU-1 tumors from GST, GST-HABD and
GST-3MUT treated mice. (d) Quantification of blood vessel
density determined as PECAM-1 (CD31) immunoreactive blood
vessels per high-power field (HPF; magnification, � 200) as
described in Materials and methods. Abbreviations: HABD,
GST-HABD; 3MUT, GST-3MUT. Values in graphs and bars
represent mean7s.e. *Po0.05; **Po0.01; ***Po0.001

Figure 5 CD44-HABD fusion proteins inhibit pancreatic adeno-
carcinoma growth in vivo. (a) Growth curves of s.c. BxPC-3
pancreatic adenocarcinoma tumors in nude mice treated with GST-
HABD, GST-3MUT or GST control. (b) Average BxPC-3 tumor
weights at the end of the experiment (n¼ 5–6). (c) Pictures of
representative BxPC-3 tumors from GST, GST-HABD and GST-
3MUT-treated mice. Abbreviations: HABD, GST-HABD; 3MUT,
GST-3MUT. Values in graphs and bars represent mean7s.e.
*Po0.05; **Po0.01. Scale bar, 1 cm
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et al., 2001) and CD44 expression was upregulated only
in proliferating endothelial cells (Griffioen et al., 1997).
In our experiments, however, inhibition of endothelial

cell proliferation and angiogenesis by CD44-HABD was
independent of HA binding, since CD44-HABD non-
HA-binding mutants were equally effective in blocking
endothelial cell proliferation. CD44-HABD bound to
the cell surface of endothelial cells, suggesting that
CD44-HABD may target a specific cell surface receptor.
This receptor may be specific for endothelial cells or may
interfere with a signaling pathway required specifically
for endothelial cell proliferation. Naturally, identifica-
tion of this putative receptor and its signaling mechan-
isms will be of great interest.
A number of CD44-binding proteins other than HA

have been described, including HGF, bFGF, fibronec-
tin, osteopontin, selectins, erbB2 and erbB3 (Jalkanen
and Jalkanen, 1992; Bennett et al., 1995; Weber et al.,
1996; van der Voort et al., 1999; Sherman et al., 2000;
Dimitroff et al., 2001). However, the binding of these
proteins is dependent on various post-translational
modifications of CD44 at alternative exons that are
not present in our recombinant fusion proteins. The
effects of endogenous CD44-HABD on angiogenesis
and tumor growth might instead be caused by enzymes
that are responsible for CD44 shedding. CD44-cleaving
proteins belong to serine protease and metalloproteinase
families; one enzyme that can digest CD44 is MT1-
MMP (Kajita et al., 2001). However, MT1-MMP binds
to the CD44 stem region and the CD44 HA-binding
domain is not involved in this interaction (Mori et al.,
2002). Another interesting binding partner for CD44 is
MMP-9; CD44 serves as a cell surface docking receptor
for this protease (Yu and Stamenkovic, 1999). MMP-9
is implicated in angiogenesis by releasing VEGF from
extracellular matrix deposits during ECM proteolysis
(Bergers et al., 2000). A role for CD44 in angiogenesis
has been suggested to be related to its capacity to bind
MMP-9 (Yu and Stamenkovic, 2000) and the binding of
MMP-9 to CD44 seems to be dependent on CD44
clustering by HA (Yu and Stamenkovic, 1999). How-
ever, our preliminary results suggest that CD44-HAB-
DR41AR78SY79S non-HA-binding mutant cannot bind
MMP-9 (Päll et al., unpublished). Furthermore, the
observed inhibition of endothelial cell proliferation by
CD44-HABD might not be explained by blocking
MMP-9 binding to CD44, since MMP-9 is affecting
angiogenesis by ECM proteolysis (Bergers et al., 2000),
while no evidence is present for MMP-9-mediated direct
effect on cell proliferation. Therefore, it is unlikely that
the effects of CD44-HABD in angiogenesis are depen-
dent on MMP-9 binding. An intriguing possibility is
that CD44 HABD and its mutants may bind to other
carbohydrates, for example, to sialyl Lewis X-contain-
ing saccharides implicated in angiogenesis. The structure
of the CD44 link domain HA-binding surface corre-
sponds closely to the Sialyl Lewis-X-binding site of E-
selectin (Kohda et al., 1996; Bajorath et al., 1998). The
Sialyl Lewis-X-binding surface in E-selectin is smaller
than the HA-binding surface in CD44. Mutations
introduced into CD44 HABD to abolish HA binding

may not overlap with putative binding site for Sialyl
Lewis-X (Nguyen et al., 1993; Koch et al., 1995;
Bajorath et al., 1998). It will therefore be interesting to
assess whether CD44 protein can bind to Sialyl Lewis-X
or similar molecules and if this binding might be
responsible for the observed inhibition of angiogenesis.
One possible explanation for the novel properties of

recombinant CD44 proteins may be the lack of
posttranslational modifications in our bacterially ex-
pressed proteins in contrast to proteins expressed in
mammalian systems. CD44-HABD contains five puta-
tive N-linked glycosylation sites (Bartolazzi et al., 1996).
Therefore, we cannot exclude the possibility that novel
binding site(s), masked by glycosylation in endogenous
CD44, may become available in recombinant CD44-
HABD and be responsible for the observed effects on
angiogenesis. Taken together, our results suggest that
HA-independent inhibition of endothelial cell prolifera-
tion by CD44-HABD is a novel mechanism for direct
inhibition of angiogenesis. Therefore, new drugs based
on CD44 sequences may be effective in treating human
angiogenesis-dependent diseases such as cancer.

Materials and methods

Cell lines and cell culture

SMMU-1 melanoma cells (Guo et al., 1994), normal human
dermal fibroblasts (NHDF; Clonetics, San Diego, CA, USA),
HEK-293 epithelial human embryonic kidney cells, MCF-7
human breast carcinoma cells, U373MG glioblastoma cells
(ATCC, Manassas, VA, USA) were grown in DMEM with
10% FCS. Human pancreatic adenocarcinoma cells (BxPC-3;
ATCC) were grown in RPMI 1640 with 10% FCS. Primary
human umbilical vein endothelial cells (HUVEC) were grown
in M199 with 20% FCS, 4mM L-glutamine, 0.9mg/ml heparin
and 30mg/ml endothelial cell growth supplement (Upstate
Biotechnology, Lake Placid, NY, USA). Cow pulmonary
endothelial cells (CPAE; ATCC) were grown in MEM (25mM

HEPES) with 20% FCS, 2mM L-glutamine and nonessential
aa. Human aortic endothelial cells (HAEC) were obtained
from Clonetics and grown according to the manufacturer’s
specifications.

Construction and purification of the human CD44-HABD as a
GST fusion protein

Human CD44 standard isoform cDNA (Aruffo et al., 1990)
was used to amplify the HA-binding domain, covering aa 21–
132. The resulting PCR amplification product was cloned into
a pGEX-KG vector (Guan and Dixon, 1991). Generation of
HABD non-HA-binding mutants was performed by means of
the QuickChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA, USA). Mutagenic oligo pairs R41A (50-GAGAA
AAATGGTGCCTACAGCATCTCTCGG-30, 50-AGATGCT
GTAGGCACCATTTTTCTCCACG-30) and R78SY79S (50-
GACCTGCAGCTCTGGGTTCATAG-30, 50-ATGAACCCA
GAGCTGCAGGTCTC-30) were used for introduction of
R41A and/or R78SY79S mutations, respectively, into human
CD44-HABD. Wild-type or mutant (R41A, R78SY79S or
R41AR78SY79S) glutathione S-transferase CD44-HABD
(GST-HABD) expression constructs were transformed into
Escherichia coli BL21(DE3)pLysS strain. Protein expression
was induced at 251C with 0.5mM IPTG at OD600¼ 0.7 for
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2.5 h and soluble recombinant proteins were purified using
Glutathione Sepharose 4B beads (Amersham Biosciences AB,
Uppsala, Sweden) according to the manufacturer’s instruc-
tions.

Hyaluronic acid binding assay

High molecular weight HA at 1mg/ml (Sigma) in PBS was
used to coat Maxisorp (Nunc, Rochester, NY, USA) plates
overnight at room temperature (RT). Wells were washed with
PBS and blocked with 2% BSA for 2 h at RT. Purified proteins
diluted in PBS were added to the wells and incubated for 1 h at
RT. After three washes with PBS-0.1% Tween-20, the wells
were incubated with mouse anti-GST antibody B-14 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h at RT
before further washing and 1 h incubation at RT with
horseradish peroxidase-conjugated goat anti-mouse secondary
antibody (Jackson Immunoresearch, West Grove, PA, USA).
HA binding was visualized by OPD chromogenic substrate
(Sigma) and the absorbance was measured spectrophotome-
trically at 450 nm.

Cell migration assay

Migration assays were performed in Transwell migration
chambers (pore size 8 mm; Costar, London, UK) essentially
as described (Zhang et al., 2002). The lower compartment of
the chambers contained 1 mg/ml high molecular weight HA
(Sigma). Test proteins were added to the upper compartment
at a final concentration of 10 mg/ml. For antibody inhibition
assay, cells were preincubated for 30min on ice with 10 mg/ml
anti-CD44mAb GKW.A3. Cells were added to the upper
compartment of the Transwell chamber and allowed to
migrate for 2 h. After the careful removal of all remaining
cells in the upper chamber, the migrated cells were fixed and
stained with 0.5% crystal violet. After washing, membranes
were dried and bound dye was eluted with 10% acetic acid.
The optical density of recovered eluate was read spectro-
photometrically at 600 nm.

Tumor growth in mice and quantification of blood vessel density

1� 106 BxPC-3 or SMMU-1 cells were injected s.c. into the
backs of 6–8-weeks-old female BALB/cABom nude mice
(M&B, Ry, Denmark). When tumor nodules appeared, the
mice started to receive subcutaneous injections proximal to the
tumor of 20 mg (BxPC-3) or 50mg (SMMU-1) of wild-type
GST-HABD, GST-HABDR41AR78SY79S (GST-3MUT) or GST in
100 ml PBS. The treatment was repeated every second day. The
tumor volume was measured and calculated using the formula
(width2� length)� 0.52 (O’Reilly et al., 1997). At the end of
the experiments, the mice were killed and tumors were
dissected and analysed for weight.
For immunohistochemical analysis, dissected tumors were

fixed in 4% paraformaldehyde and embedded into paraffin.
Tissue sections (5 mm-thick) were stained for blood vessels
using goat anti-mouse PECAM-1 polyclonal antibody diluted
1:50 (M-20; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
followed by incubation with biotin-conjugated rabbit anti-goat
secondary antibody (Jackson Immunoresearch, West Grove,
PA, USA). Antibody binding was detected using Vectastain
ABC Kit and 3-amino-9-ethyl carbazole (AEC) as chromo-
phore (Vector Laboratories, Burlingame, CA, USA). For
quantification of blood vessel density three tumors per
treatment were selected and 700–1600 of PECAM-1-positive
blood vessels from each group were counted at � 200
magnification.

Chick CAM angiogenesis assay

In all, 10-day-old chick embryos were prepared as described
(Brooks et al., 1999). For angiogenesis assay, filter discs, 5mm
in diameter, were saturated with 3mg/ml cortisone acetate
(Sigma), soaked with 100 ng/ml VEGF (Sigma), 1mg/ml bFGF
(Gibco Lifetech, Carlsbad, CA, USA) or 200 ng/ml TGFa
(Sigma) in PBS and placed onto CAMs. Filter discs were then
treated daily by topical addition of 10mg of GST-HABD,
GST-3MUT, GST in 25ml PBS or vehicle alone. After 72 h, the
filter discs and the surrounding CAM tissue were dissected and
angiogenesis quantified in a dissection microscope. Angiogen-
esis was assessed in a double blind manner as the number of
blood vessel branch points within the CAM area directly under
the filter discs.

Cell cycle analysis

Exponentially growing cells were incubated for 48 h in the
presence of 15 (CPAE) or 30 (all other cells) mg/ml GST-
HABD, GST-3MUT or GST. All cells were incubated with
proteins in serum containing medium with 10mM HEPES pH
7.4. Tumor cells were incubated in 5% FCS while HUVEC
and CPAE cells were grown in 10% FCS. After 48 h, cells
were pulsed with 30 mg/ml bromodeoxyuridine (BrdU) for
60min, harvested and fixed in ice-cold ethanol. Cells were
then stained for BrdU with anti-BrdU mAb G3G4 (Devel-
opmental Studies Hybridoma Bank, University of Iowa, IA,
USA) diluted 1:50 followed by a FITC-conjugated goat anti-
mouse antibody (Jackson Immunoresearch, West Grove, PA,
USA) in parallel staining with propidium iodide (PI). The cell
cycle distribution was then analysed with a FACScan Flow
Cytometer (Becton Dickinson, Franklin Lakes, NJ, USA)
after plotting FITC-content vs PI as previously described
(Bakhiet et al., 2001).

MTT cell proliferation assay

For the proliferation assay CPAE cells were plated onto 24-
well culture plates (12,500 cells/well) and incubated overnight.
Then complete media was replaced by 10% FCS-containing
medium and the cells were incubated for 48 h in the presence of
0.1–10 mg/ml GST-HABD, GST-3MUT or GST. At the end of
the treatment, 10 ml of MTT (Thiozolyl Blue, Sigma) solution
(0.5% in PBS) was added to 100ml of medium in each well.
After 3 h incubation with MTT at 371C, the medium was
carefully removed and the converted MTT was extracted from
cells with acidic isopropanol (0.1 N HCl in isopropanol).
Absorbance of converted dye was measured using plate reader
at 540 nm with background subtraction at 690 nm.

GST-HABD binding assay

Subconfluent adherent cells were washed once with ice-cold
PBS containing 0.1% BSA, 0.1% NaN3 (stain wash medium,
SWM) and removed from plates by scraping. The cells were
incubated for 1 h on ice with 5 mg/ml Alexa488 labeled GST-
proteins in 100ml SWM, then washed three times with ice-cold
SWM and resuspended in PBS. Fluorescence was analysed by
FACSort Flow Cytometer (Becton Dickinson, Franklin Lakes,
New Jersey).

Statistical analysis

Statistical analysis of data was perfomed using a heterosce-
dastic two-tailed Student’s t-test.
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Abstract

CD44 is a cell surface glycoprotein that functions as hyaluronan receptor. Mouse and human serum contain substantial
amounts of soluble CD44, generated either by shedding or alternative splicing. During inflammation and in cancer patients
serum levels of soluble CD44 are significantly increased. Experimentally, soluble CD44 overexpression blocks cancer cell
adhesion to HA. We have previously found that recombinant CD44 hyaluronan binding domain (CD44HABD) and its non-
HA-binding mutant inhibited tumor xenograft growth, angiogenesis, and endothelial cell proliferation. These data
suggested an additional target other than HA for CD44HABD. By using non-HA-binding CD44HABD Arg41Ala, Arg78Ser, and
Tyr79Ser-triple mutant (CD443MUT) we have identified intermediate filament protein vimentin as a novel interaction
partner of CD44. We found that vimentin is expressed on the cell surface of human umbilical vein endothelial cells (HUVEC).
Endogenous CD44 and vimentin coprecipitate from HUVECs, and when overexpressed in vimentin-negative MCF-7 cells. By
using deletion mutants, we found that CD44HABD and CD443MUT bind vimentin N-terminal head domain. CD443MUT
binds vimentin in solution with a Kd in range of 12–37 nM, and immobilised vimentin with Kd of 74 nM. CD443MUT binds
to HUVEC and recombinant vimentin displaces CD443MUT from its binding sites. CD44HABD and CD443MUT were
internalized by wild-type endothelial cells, but not by lung endothelial cells isolated from vimentin knock-out mice.
Together, these data suggest that vimentin provides a specific binding site for soluble CD44 on endothelial cells.
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Introduction

CD44 transmembrane glycoprotein functions as hyaluronan (HA)

receptor. CD44 has functions in a lymphocyte homing, mediates cell

adhesion to HA and HA metabolism. CD44 is expressed on many

cell types including endothelial cells (EC) and has multiple

alternatively spliced isoforms. CD44 plays a significant role in tumor

malignancy. High levels of CD44 expression on tumor cells is

sufficient to establish metastatic behavior [1,2]. CD44 is involved in

pathological angiogenesis, as its expression is elevated in tumor

vasculature, and CD44 expression can be induced in cultured ECs

by angiogenic growth factors [3] Furthermore, CD44 knockout mice

show reduced vascularisation of tumor xenografts and Matrigel plugs

[4]. In addition to cell surface expression, CD44 is present in soluble

form in lymph and serum [5] or bound to extracellular matrix [6].

Soluble CD44 is generated either by alternative splicing [7] or, more

importantly, by ectodomain shedding by matrix metalloproteases

[8,9].The size of shed CD44 is highly heterogeneous because of

glycosylations and variant exons [5,9–11]. The serum concentration

of sCD44 in mice is known to range between 490 to 2100 ng/ml [5].

Studies of sCD44 in the sera of non-Hodgkin’s lymphoma and breast

cancer patients show that physiological sCD44 level in healthy

persons is in the range of 250 to 500 ng/ml [12–14]. The serum

concentration of sCD44 in healthy individuals is ,3 nM whereas it

was shown to be significantly elevated in patients with advanced

gastric (24 nM) or colon cancer (31 nM) [11]. Elevated serum

sCD44 or sCD44v6 is a predictor of poor therapeutic outcome in

non-Hodgkin’s lymphoma or breast cancer patients, respectively

[12,15].The source of sCD44 are lymphocytes, macrophages, ECs,

and tumor cells [10,11,16]. In non-Hodgkin’s lymphoma, the source

of elevated sCD44 are lymphoma cells, and sCD44 levels decrease

after treatment in patients with complete remission [10,17].

Endothelial and macrophage CD44 expression is increased in

atheromas and CD44 shedding from EC and macrophages is

stimulated by proinflammatory cytokines [16].

Tumors are surrounded by HA-rich ECM. When overex-

pressed in tumor cells, soluble CD44 can function as an antagonist

to cell membrane CD44 and block its binding to ECM HA.

Overexpression of soluble forms of CD44 inhibits HA-adhesion of

mouse mammary carcinoma or melanoma cells and caused

inhibition of tumor cell proliferation, and reduced tumorigenicity

[18–20]. CD44 knockout in mouse breast cancer model caused

increased numbers of lung metastases, which correlated with

reduced invasion of CD44-expressing metastatic breast cancer cell

lines into HA-containing collagen matrixes [21].

CD44 binds HA via the link module in its N-terminal domain.

The link module is approximately 100 amino acids long and

consists of two alpha helices and two triple-stranded antiparallel

beta sheets, stabilized by two disulphide bridges [22]. The

structure of CD44 HABD has an additional lobe consisting of
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four beta strands formed by the residues flanking the core link

module [23,24]. This enlarged structure is stabilized by an

additional disulphide bridge between flanking regions. Together,

the human CD44 HABD structure consists amino acids 21–169.

The HA-binding surface of CD44 is exclusively covered by the link

module and its flanking regions do not contribute to the HA

binding [23]. The critical residues in CD44 HA-binding surface

directly involved in binding are Arg41, Tyr42, Arg78, and Tyr79,

according to studies of human CD44 [23,25]. Glycosylation of

Asn25 and Asn125 within CD44 HABD is involved in regulation

of HA binding [26]. Altogether, CD44 has five N-glycosylation

sites (Asn25, Asn57, Asn100, Asn110, Asn120) within its HABD.

Bacterially expressed recombinant human CD44 HABD contain-

ing amino acids 20–178 binds HA comparably to glycosylated

CD44-Rg fusion protein [24]. HA binding function is also retained

by a recombinant human CD44HABD containing amino acids

21–132, whereas HA binding was abolished by the mutations in

Arg41, Arg78, and Tyr79 [27].

Vimentin intermediate filaments comprises supporting frame-

work within cells. Vimentin functions in intracellular vesicular

transport, including b1-integrin trafficking [28], transport of

lysosomal membrane proteins by binding AP-3 complex [29], and

as a cytosolic reservoir for tSNARE SNAP23 [30]. Importantly,

vimentin knockout cells apparently retain intact receptor-mediated

endocytosis, as transferrin receptor level and distribution is normal

[29,30]. Vimentin-deficient mice reproduce and develop normally

[31], however, they show reduced elasticity of arteries, decreased

nitric oxide production and elevated endothelin [32,33]. Vimentin

is expressed on cell surface in several cell types, including TNF-a
induced macrophages [34], cutaneous T-cell lymphoma [35],

platelets [36], and brain microvascular endothelial cells [37].

Vimentin extracellular ligands include vitronectin/PAI-1 complex

[36], and E. coli IbeA protein [37]. Vimentin is a antiangiogenesis

target overexpressed on tumor endothelium in vivo. Anti-vimentin

antibody treatment inhibited subcutaneous tumor xenograft growth

and tumor blood vessel density in mice, suggesting that vimentin is

localized to the cell surface in tumor endothelial cells [38].

CD44 and vimentin are both detectable from membrane lipid raft

fractions [39–41] and from clathrin-independent pathway endocytic

vesicles in fibroblasts [42]. CD44 and vimentin are upregulated

during epithelial-mesenchymal transition (EMT) of cancer cells.

Mammary epithelial cells undergoing EMT downregulate epithelial

genes and upregulate mesenchymal genes, such as E-cadherin, N-

cadherin and vimentin, respectively. Suppression of standard CD44

isoform in Snail- or TGF-b-induced human mammary epithelial

cells inhibits EMT, accompanied by vimentin downregulation [43].

We have previously found that recombinant CD44 HABD 21–

132, as a model for soluble CD44, inhibited human subcutaneous

tumor xenograft growth in mice, angiogenesis in chick chorio-

allantoic membrane, and EC proliferation [27]. Surprisingly, these

CD44HABD functions were independent of its HA-binding

propery, as non-HA-binding mutant was similarly effective.

Therefore, we proposed that CD44HABD could bind additionally

to a different ligand than HA. In this study, we used CD44HABD

non-HA-binding mutant as a bait in GST pull-down assay and

identified vimentin as a novel CD44 interacting protein.

Results

Identification of vimentin as CD44 HABD-binding protein
To identify EC target of CD44 HABD 21–132 (CD44HABD)

and its non-HA-binding mutant CD44HABDR41AR78SY79S

(CD443MUT), we used GST pull-down from HUVEC lysate.

Silver staining of pull-down reactions separated by SDS-PAGE

revealed that GST-tagged CD443MUT precipitated a 60 kD

protein (Figure 1A). This protein was identified by MALDI-TOF-

MS protein fingerprinting as vimentin. To confirm that

CD44HABD-proteins pull down vimentin, we used anti-vimentin

(V9) immunoblotting. Immunoblotting confirmed that GST-

tagged CD44HABD and CD443MUT pulled down endogenous

vimentin from HUVEC lysates (Figure 1B, upper panel). To

determine whether CD44HABD and CD443MUT bind vimentin

directly, we used recombinant vimentin in the GST pull-down

assay. We found that both CD44HABD and CD443MUT were

able to pull down recombinant vimentin, suggesting that CD44

interacts with vimentin directly (Figure 1B, lower panel). We next

used immunoprecipitation (IP) to determine whether endogenous

CD44 and vimentin associate in EC. HUVEC lysate was

immunoprecipitated using anti-CD44 (MEM-263) antibody and

immunoprecipitates were subsequently analyzed by immunoblot-

ting. We found that a minor population of vimentin coimmuno-

precipitated with CD44 from HUVEC lysate (Figure 1C). We also

tested whether anti-vimentin antibodies coimmunoprecipitate

CD44. However, we were not able to detect CD44 from anti-

vimentin IPs (A.P., unpublished data). To further confirm full-

length CD44 and vimentin association we overexpressed C-

terminally Flag-tagged CD44 standard isoform and Myc-tagged

vimentin in vimentin nonexpressing MCF-7 cells. Overexpressed

vimentin was exposed to the cell surface as detected by cell surface

biotinylation (Figure S1). Immunoprecipitation results showed that

anti-Flag immunoprecipitated a vimentin-Myc from CD44-Flag

transfected cells (Figure 1D).

Vimentin and CD443MUT in vitro binding affinity
CD443MUT interaction with recombinant full length human

vimentin was further characterized by isothermal titration

calorimetry (ITC) and by surface plasmon resonance (SPR). We

used two different preparations of CD443MUT. ITC experiments

showed that CD443MUT binds to recombinant vimentin with Kd

in 12–37 nM range with stoichiometry (vimentin/CD443MUT) of

<7 mol/mol (Table 1). SPR experiments were carried out with

vimentin immobilized into measuring cell. Kinetic analysis by SPR

revealed that binding of CD443MUT to immobilized vimentin is

described by a two-site ligand binding model. CD443MUT bound

to a high-affinity site of immobilized vimentin with Kd 74 nM and

Kd for low affinity site was 15 mM (Table 2). Analysis of kinetic

data using equilibrium response values resulted in 1562 mM Kd.

The stoichiometry of vimentin/CD443MUT complex in SPR

experiment was measured<6 mol/mol .

Mapping of vimentin CD44-binding region
To map CD44-binding region in vimentin, we generated

truncated vimentin constructs (Figure 2A). Vimentin deletion

mutant VIM1-96 contains only head domain, VIM1-245 contains

head domain and alpha-helices 1A-B, and VIM97-466 mutant

lacks the head domain (aa numbering according to human

vimentin). VIM246-466 mutant contains C-terminal half of the

protein starting from alpha-helices 2A-B. VIM407-466 contains

the tail domain. Lysates of MCF-7 cells, expressing either full-

length vimentin or its deletion mutants, were used in GST pull-

down with CD44HABD or CD443MUT. Pull-downs were

analyzed by immunoblotting using tag-specific antibodies. This

analysis showed that CD44HABD and CD443MUT bound only

vimentin deletion mutants containing the head domain (VIM1-96

and VIM1-245; Figure 2B). Deletion of the head domain was

sufficient to abolish binding of vimentin to CD44HABD and

CD443MUT(VIM97-477, VIM246-466 or VIM407-466).

CD44 Binds Vimentin
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Cell surface vimentin and CD443MUT-vimentin
interaction is induced by VEGF

To detect cell surface vimentin, we performed biotinylation of

cell surface proteins of adherent living HUVEC, followed by IP of

vimentin from cell lysates. Biotinylated proteins were detected by

immunoblotting using HRP-conjugated strepavidin. We found

that anti-vimentin (V9) antibody immunoprecipitated from

HUVEC lysate a 60 kD biotinylated protein. We used anti-

CD44 (H4C4) antibody as positive control and found that it IPd a

100 kD biotinylated protein. These proteins correspond to

expected sizes of vimentin and endothelial CD44, respectively

(Figure 3A upper panel). The identity of biotinylated proteins was

confirmed by immunoblotting with vimentin- or CD44-specific

antibodies (Figure 3A lower panel).

Next, we decided to test whether CD443MUT cellular binding

can be induced with angiogenic growth factors. To determine the

effect of angiogenic stimulus on CD443MUT cellular binding we

induced 6 h serum starved HUVEC 30 min with VEGF165 at

37uC. Then we incubated cells with Alexa Fluor 488-labeled

CD443MUT at 4uC. CD443MUT-A488 cellular binding was

quantitated using flow cytometry. We found a significant binding

of CD443MUT-A488 to HUVEC compared to GST-A488

control (P = 0.015, n = 3, unpaired t-test). Under these conditions

,20% cells bound CD443MUT. VEGF treatment induced a

further increase in CD443MUT cellular binding compared to

non-induced cells, although this result was statistically marginally

significant (P = 0.067, n = 3; Figure 3B). To confirm that VEGF

induces cell surface vimentin binding sites for CD443MUT, we

used cell surface biotinylation of HUVEC followed by GST pull-

down with CD443MUT. For this, overnight serum starved

HUVEC were induced 1 hour with VEGF or left non-induced,

followed by cell surface biotinylation of live adherent cells. GST-

CD443MUT or GST alone were used in pull-downs from cell-

surface biotinylated HUVEC lysates. Subsecuently, precipitated

proteins were detected by western blotting either by strepavidin-

HRP or anti-vimentin (V9) antibody. We found that CD443MUT

pulled down a 60 kD biotinylated protein from VEGF-stimulated

but not from serum starved cells. This protein turned out to be

vimentin since it could be detected with a vimentin-specific

antibody (Figure 3C).

Vimentin displaces CD443MUT from HUVEC
To further characterize CD443MUT and vimentin interaction

on HUVECs we measured the ability of vimentin to compete with
125I-labeled CD443MUT for cellular binding. The results of

displacement binding experiments showed that CD443MUT

displaced itself from HUVEC with logEC50 25.860.05 M

(EC50 = 1.57 mM, n = 9; Figure 3D). Vimentin displaced

CD443MUT from HUVEC with logEC50 25.3760.21 M

(EC50 = 4.26 mM , n = 2) which is not significantly different from

displacement by CD443MUT itself (extra sum of squares F-test,

P = 0.0711; F = 3.298 (1,171)). BSA did not displace CD443MUT

effectively, with logEC 23.9360.06 M (EC50 = 117 mM, n = 4).

CD44HABD endocytosis by HUVEC
Given that vimentin provides specific binding site for

CD443MUT on EC, we decided to test whether CD443MUT is

endocytosed upon binding to cell surface vimentin. We incubated

HUVEC with unlabeled CD443MUT for 30 min at 37uC to allow

internalization. CD443MUT was detected by immunofluores-

cence confocal microscopy using CD443MUT specific mouse

monoclonal antibody 1A2 (Figure S2). Recombinant GST uptake

Table 1. Summary of Kd values for CD443MUT and vimentin interaction measured by ITC.

CD443MUT preparation CD443MUT (mM) Vimentin (mM) Kd (M) na (mol/mol)

A 4.2 1.8 1.2?102861029 9.960.5

1.5 0.5 3.7?102861029

B 4.2 1.8 1.8?102861029 7.260.3

0.9 0.5 2.3?102861029

a, stoichiometry (vimentin/CD443MUT).
doi:10.1371/journal.pone.0029305.t001

Figure 1. Identification of vimentin as CD44HABD-binding
protein. (A) HUVEC lysate was used in GST pull-down to identify
CD443MUT interacting proteins. Lysate was incubated with GST-
CD443MUT (GST-3MUT) coated beads. Bound proteins were eluted
using reduced glutathione and analyzed by SDS-PAGE and silver
staining. GST-3MUT precipitated protein band (shown by arrow) was
cut off from gel, trypsinolyzed and analyzed by MALDI-TOF MS. This
protein was identified as vimentin. (B, upper panel) Vimentin pull-down
by CD44HABD (GST-HABD) and GST-3MUT was confirmed by immuno-
blotting using anti-vimentin V9 antibody. (B, lower panel) GST-HABD
and GST-3MUT pull-down recombinant vimentin. (C) Coimmunopreci-
pitation of vimentin with CD44 from HUVEC lysate. Anti-HDAC-1
antibody was used as a negative control (see Materials and methods).
(D) Coimmunoprecipitation of over-expressed vimentin-Myc with CD44-
Flag from MCF-7 lysates using tag-specific antibodies.
doi:10.1371/journal.pone.0029305.g001

CD44 Binds Vimentin
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was used as a control. The results showed that CD443MUT was

readily endocytosed by HUVEC and displayed a vesicular

localization pattern (Figure 4A). Next, we used CD443MUT

directly conjugated to Alexa Fluor 568 for internalization assay.

CD443MUT-A568 was endocytosed and distributed in HUVEC

cytoplasm similarly to unlabeled CD443MUT (Figure 4B).

HUVECs express vimentin at high level, and endocytosed

CD443MUT-containing vesicles were surrounded by a dense

network of vimentin intermediate filaments, however, there was no

direct colocalization of CD443MUT with vimentin filaments

(Figure 4A and B).

Next, we used a generic endocytosis marker cholera toxin B

conjugated to Alexa Fluor 555 (CTxB-A555) to trace CD443MUT

following endocytosis. We found that after 30 min uptake Alexa

Fluor 488-labeled CD44HABD as well as -3MUT colocalized with

CTxB-A555 positive structures (Figure 5A). We quantitated

colocalization of CTxB with CD44HABD and CD443MUT from

single slices of confocal image stacks as described in Materials and

Methods. Altogether, ,2.6?104 CTxB-positive vesicles were analyzed

from CD44HABD- (n = 39) or CD443MUT-incubated cells (n = 38).

As shown in Figure 5B, approximately 4–5% of CTxB-vesicles

colocalized and showed positive correlation with CD44HABD

(average Pearson’s r = 0.469, 95% CI 0.438 to 0.498, df = 679,

P,0.0001) or CD443MUT (r = 0.532, 95% CI 0.503 to 0.531,

df = 608, P,0.0001). We next analyzed CD443MUT-A488 coloca-

lization with early endosome marker EEA1 in HUVEC after 10 min

uptake followed by 20 min chase. We found that CD443MUT-A488

showed extensive colocalization with EEA1-positive vesicles after

10 min incubation (Figure 5C). Quantitation of CD443MUT and

EEA1 colocalization in ,6.5?103 EEA1-endosomes showed that

32% of EEA1-endosomes colocalized with CD443MUT after

10 min incubation (r = 0.311, 95% CI 0.266 to 0.355, df = 407,

P,0.0001), whereas a fraction of EEA1-endosomes showing

colocalization falled to 7% after 20 min chase (r = 0.321, 95% CI

0.251 to 0.388, df = 172, P,0.0001) following the incubation

(Figure 5D). The number of CD443MUT-vesicles in cells reduced

during 20 min chase by ,7.5 times (Figure 5D, rightmost panel)

suggesting trafficking of CD44 to late endosomal-lysosomal degra-

dation pathway. Therefore, we next analyzed whether CD443MUT

is targeted to the CD63-positive late endosomal compartment after

20 min chase following a 10 min pulse with CD443MUT-A488.

However, we found that CD443MUT-A488 showed no significant

accumulation within anti-CD63 staining vesicles after 20 min

(Figure 5E) or 50 min chase (data not shown). Together, these results

indicate that recombinant CD44HABD and CD443MUT are

endocytosed and reach early endosomal compartment.

CD443MUT endocytosis is inhibited in ECs derived from
vimentin-null mice

To test directly whether vimentin mediates CD443MUT

internalization, we isolated lung endothelial cells from wild-type

Table 2. Kinetic parameters for binding of CD443MUT to vimentin measured by SPR.

Kass1 (M21 s21)6103 Kass2 (M21 s21) Kdiss1 (s21)61024 Kdiss2 (s21)61023 Kd (mM) Kdiss1/Kass1 Kd (mM) equation 1 n (mol/mol)

7.660.1 18367 5.660.1 1.960.1 0.074 1562 6.2

doi:10.1371/journal.pone.0029305.t002

Figure 2. CD443MUT binds vimentin N-terminal head domain. (A) A diagram of vimentin sub-domains and deletion mutants used in pull-
down reactions. Ellipses represent alpha-helices in coiled-coil domains and L1-L2 mark linker regions. GFP, green fluorescent protein. (B) GST pull-
down reactions were performed from cell lysates transfected with full length vimentin or its deletion mutants (see Materials and methods). Eluates
from pull-downs were analyzed by immunoblotting.
doi:10.1371/journal.pone.0029305.g002
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(WT) or vimentin-null mice (Figure 6A). We characterized isolated

mouse lung endothelial cells (MLEC) for endothelial-specific cell

surface markers by flow cytometry (Figure 6B). FACS staining

showed that PECAM-1 and CD44 were expressed on vimentin-null

MLEC at levels comparable to WT cells. However, ICAM-2

expression was reduced on vimentin-null MLEC compared to WT

cells. We next tested the internalization of CD443MUT-A568 by

MLEC. We found that WT MLEC endocytosed CD443MUT

comparably to HUVEC after 30 min uptake, whereas CD443MUT

uptake by MLECs isolated from vimentin-null mice was inhibited

(Figure 6C).

Discussion

We have identified vimentin as a novel CD44 binding protein.

Our results – the fact that recombinant CD44HABD and

CD443MUT pulled down both endogenous as well as recombinant

vimentin, and the finding that vimentin displaces CD443MUT

bound to HUVEC cells, suggest that CD44-vimentin interaction is a

direct protein-protein interaction. To our knowledge, CD44-

vimentin interaction is the first protein-protein interaction described

for CD44 HABD. CD44 HABD mediates low affinity interactions

with its ECM ligand HA with an in vitro Kd of 50 mM [23]. CD44 is

a membrane glycoprotein and interacts via its glycosylated variant

exons with various extracellular ligands, including fibronectin,

collagen XIV, E-selectin and osteopontin [44–47]. CD44 HABD

contains five N-linked glycosylation sites [48]. Our experiments,

where glycosylated EC-endogenous or tumor cell over-expressed

full-length CD44 immunoprecipitated vimentin correlate with our

initial findings obtained with soluble recombinant CD44HABD or

CD443MUT and strongly suggest that post-translationally modified

CD44 can also form a complex with vimentin. However, we were

not able to detect full-length CD44 in anti-vimentin antibody

immunoprecipitates from HUVEC lysates, which can be explained

by the fact that while HUVEC express high levels of vimentin, only

a small fraction forms a complex with membrane bound CD44.

We found that CD44 HABD binds to vimentin within its head

domain. Vimentin head-domain interactions include ankyrin

binding at the plasma membrane [49], vimentin head-domain is

also important in filament formation [50]. Our finding that CD44

binds to vimentin head domain is consistent with the proposed

Figure 3. VEGF induces cell surface vimentin and CD443MUT cellular binding. (A) For detection of cell surface vimentin, asynchronously
growing live adherent HUVEC were cell surface biotinylated and lysate was used for immunoprecipitation using anti-vimentin or anti-CD44
antibodies. Immunoprecipitated proteins were detected by immunoblotting using strepavidin-HRP (upper panel) or specific antibodies (lower
panels). (B) 6 hour serum-starved HUVEC were induced for 30 min with VEGF165, followed by incubation on ice with Alexa Fluor 488-labeled
CD443MUT (3MUT). GST Alexa Fluor 488 conjugate was used as negative control. Cellular binding of A488-conjugated proteins was analyzed by
FACS. Bars represent average geomean of fluorescence from three experiments (mean 6 SE). (C) Overnight serum-starved HUVEC were induced for
1 hour with VEGF165, followed by cell surface biotinylation. Lysate from biotinylated cells was used in pull-down using GST-3MUT. Precipitated
proteins were detected by immunoblotting using strepavidin-HRP (upper panel) or anti-vimentin antibody (lower panel). (D) For displacement assay,
cells were resuspended in incubation buffer in 96-well plate. CD443MUT, vimentin or BSA at different concentrations was added to the wells along
with 125I-labeled CD443MUT. Reactions were incubated overnight at 4uC. After incubation, reactions were stopped by filtration through glass fiber
filters blocked with BSA. Filters were washed with PBS and bound radioactivity was measured using gamma counter. The curves represent global
fitting of normalized radioligand binding data from two to nine experiments.
doi:10.1371/journal.pone.0029305.g003
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vimentin structure. Parallelly aligned dimers of vimentin assemble

laterally into tetramers in a fashion whereby first halves of

antiparallel coiled-coil domains overlap. Physiologically, vimentin

forms a non-polar 32-meric unit-length filaments (ULF) consisting

of 16 dimers or 8 tetramers [51]. The observed stoichiometries of

6–10 moles of vimentin per one mole CD443MUT probably

reflects the number of head domains available on the ULF surface.

The Kd values calculated from SPR data (12–37 nM) for the high

affinity binding site are about 2–5 times higher than Kd-s resulting

from ITC experiments (74 nM). Such experimental discrepancy

can be explained either by limited dynamics of the immobilized

vimentin or by sterical hindrances in the environment of the SPR

chip. Currently the exact model of vimentin binding of CD44 or

whether its binding site coincides with the HA binding surface, is

not known. However, our data show that pharmacophores for

HA-binding are not necessary for vimentin binding. Our data

suggest a protein-protein interaction model which is constrained

by the fact that CD44 is a type I membrane receptor and vimentin

is a cytoplasmic intermediate filament protein. Nevertheless,

several independent findings make this interaction spaciotempo-

rally feasible. In addition to generation of CD44 intracellular

domain resulting from shedding, full-length CD44 is also

endocytosed and transported to the nucleus via NLS located in

its intracellular domain [52,53]. In this process CD44 acts as

scaffold for STAT3 and p300 [53]. Importantly, leptomycin B

induces CD44 nuclear accumulation, suggesting a nuclear-

cytoplasmic shuttling [52]. On the other hand, cell surface

vimentin is a well-known phenomenon without any known

function. We show that cell surface vimentin is readily detectable

in primary human endothelial cells, in addition to its previously

reported presence in malignant lymphocytes, activated macro-

phages and platelets [34–36]. Vimentin provides bacterial binding

sites on the surface of human brain endothelial cells [37]. Our

results suggest that vimentin might provide a binding site for

soluble CD44 on EC. This is supported by our result that

exogenously added vimentin can efficiently displace CD443MUT

from ECs. In addition, we found that CD443MUT EC binding

was enhanced by VEGF. These results were confirmed by

experiments of cell surface biotinylation of starved or VEGF-

induced ECs showing that CD443MUT was able to pull-down

biotinylated vimentin from VEGF-treated but not from serum

starved ECs. The discrepancy between the binding of

CD443MUT to starved EC in cellular binding experiment and

lack of any detectable biotinylated vimentin in pull-downs from

starved EC could be explained by the different length of serum

starvation in these experiments (6 h v. over-night, respectively).

We suggest that the physiological relevance of these results is

supported by findings that vimentin and CD44 are up-regulated

on tumor endothelial cells, whereas vimentin has been proposed as

a potential anti-angiogenesis target [3,38].

Here we show that after binding CD44HABD and its non-HA-

binding triple mutant are endocytosed by ECs. A fraction of

CD44HABD-proteins colocalized with generic endocytosis tracer

CTxB-positive vesicles and were targeted to early endosomal

structures. Importantly, we found that CD443MUT uptake was

lost in vimentin knock-out endothelial cells, suggesting further that

such internalization is mediated by vimentin. The number of

CD443MUT-positive vesicles and early-endosomal localization

decreased rapidly, most probably suggesting its targeting to

lysosomal degradation. However, we were not able to detect

significant accumulation of fluorescently labeled CD443MUT

within late endosomal compartment.

We propose that vimentin forms a complex with full-length

CD44. In this model, soluble CD44 antagonizes binding of

membrane CD44 to vimentin. However, the role for soluble

CD44 in tumorigenesis still remains elusive, as highly elevated

soluble CD44 associates with aggressive growth and bad prognosis

in cancer patients, and yet our previous results suggest that

recombinant CD44 administration can inhibit tumor xenograft

growth and angiogenesis [27]. We can speculate, that in cancer

patients with high sCD44, tumor cells have acquired resistance to

its inhibitory effects, while shedding of cell-surface bound CD44

confers significant selective advantage in tumor microenviron-

ment. In summary, given the facts that the expression of CD44

Figure 4. CD443MUT endocytosis by HUVEC. HUVEC were grown overnight on glass slides and incubated for 30 min at 37uC with 1 mM
unlabeled or Alexa Fluor 568-labeled CD443MUT or GST. Cells were analyzed by confocal microscopy. (A) Uptake of unlabeled CD443MUT by HUVEC
was detected with anti-CD443MUT mouse mAb 1A2 (green). Vimentin intermediate filaments were detected with rabbit polyclonal antibody (red).
Nuclei were stained with Hoechst (blue). Images are maximum intensity projections, generated along the z-axis of image stack. Scale bars, 10 mm. (B)
Internalization of directly Alexa Fluor 568-labeled CD443MUT by HUVEC (red). Vimentin (green) was detected with V9 mAb. Scale bars, upper and
middle panels 10 mm; insets 5 mm.
doi:10.1371/journal.pone.0029305.g004

CD44 Binds Vimentin

PLoS ONE | www.plosone.org 6 December 2011 | Volume 6 | Issue 12 | e29305



and vimentin correlate with EMT in cancer cells, and with tumor

angiogenesis, our findings provide rationale for further functional

studies on the role of these proteins in EMT and angiogenesis.

Materials and Methods

Cell lines and antibodies
HUVEC and MLEC cells were grown in M199 medium

supplemented with 20% FBS, 4 mM L-glutamine, 50 mg/ml

heparin and 30 mg/ml EC growth supplement (ECGS, Upstate

Biotechnology, Lake Placid, NY, USA). MCF-7 cells (ATCC,

Manassas, VA, USA) were grown in RPMI, supplemented with

10% FBS and 2 mM L-glutamine. Anti-vimentin (V9), anti-Myc (A-

14) and anti-HDAC1 (H-11) antibodies were from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). Anti-vimentin rabbit

polyclonal (18-272-196311) was from Genway (San Diego, CA,

USA). Anti human-CD44 (2C5) was from R&D Systems (Minne-

apolis, MN, USA). Mouse anti-human CD44 (H4C4) was from

DSHB (University of Iowa, IA, USA). Anti CD443MUT mouse

mAb 1A2 (Figure S2) was generated by LabAS Ltd (Tartu, Estonia).

Anti-CD44 (MEM-263) was from EXBIO Praha (Czech Republic).

Anti-mouse PECAM-1 (MEC13.3), anti-mouse ICAM-2 (3C4) and

anti-EEA1 mAb were from BD Pharmingen (Palo Alto, CA, USA).

Rat anti-CD63/lamp-3 (R5G2) was from MBL International

(Woburn, MA, USA). Anti-Flag-M2 antibody was from Sigma.

Purification of recombinant proteins and fluorescence
labeling

CD44HABD and CD443MUT GST fusion-proteins were

purified as described [27]. CD44HABD and CD443MUT include

aa 21–132 of human CD44 protein. CD44HABD and -3MUT

were expressed using pET11c vector (Novagen). Urea dissolved

inclusion bodies were purified by gel filtration in Superdex-200HR

16/60 column (GE Healthcare, Uppsala, Sweden). Refolding was

performed by gradient dialysis into 50 mM Tris pH 8.0, 150 mM

NaCl and final dialysis into PBS. Endotoxin level was measured

using the Endosafe-PTS (Charles River, L’Arbresle, France).

Endotoxin values of CD443MUT batches were 22–93 EU/mg.

Human vimentin was expressed using pET15b vector (Novagen).

His-tagged vimentin was purified using Ni-affinity resin (Sigma)

Figure 5. Analysis of endocytosed CD443MUT localization. (A) HUVEC were incubated with A488-labeled CD44HABD or CD443MUT (green) in
the presence of CTxB-A555 (red) for 30 min. Nuclei were stained with Hoechst. Images show single confocal plane. Scale bars, 10 mm. (B)
Colocalization analysis of CD44HABD (HABD) and CD443MUT (3MUT) with CTxB. Left, the fraction of CTxB-vesicles colocalizing with HABD (n = 39
cells) or 3MUT (n = 38 cells). Middle, the number of CTxB-vesicles per cell; right, the number of HABD- or 3MUT-containing vesicles per cell. (C–E)
HUVEC were incubated with CD443MUT-A488 for 10 min after which CD443MUT-containing media was changed to 10% FBS HUVEC growth media
and cells were further incubated for 20 min. Then cells were fixed and stained with anti-EEA1 or anti-CD63 antibodies. (C) Localization of 3MUT- and
early endosomal marker EEA1-positive veicles after 10 min incubation in HUVEC. (D) Quantitation of EEA1-vesicles colocalizing with CD443MUT after
10 min incubation (n = 26 cells) and after 20 min chase (n = 40 cells; left). The number of EEA1- and 3MUT vesicles per cell (middle and left,
respectively). (E) Localization of internalized 3MUT and late endosomal protein CD63-positive vesicles. Scale bars, 2 mm (C) and 5 mm (E).
doi:10.1371/journal.pone.0029305.g005
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under denaturing conditions. Refolding was performed by

gradient dialysis into 10 mM Tris pH 8.0 with final dialysis into

10 mM phosphate buffer pH 7.4. Proteins were fluorescence-

labeled using sulfo-NHS-Alexa Fluor 488 or 2568 protein labeling

kit (Molecular Probes, Eugene, OR, USA).

GST pull-down, immunoprecipitation and cell surface
biotinylation

Adherent cells were rinsed with ice-cold PBS and lysed on ice in

50 mM Tris pH 8.0, supplemented with protease inhibitor

cocktail (PIC; Roche, Mannheim, Germany). Lysate was centri-

fuged at 14000 rpm for 30 min at 4uC. Pellet was solubilized in

2% CHAPS, 50 mM Tris pH 8.0, 50 mM NaCl, PIC buffer and

centrifuged at 14000 rpm for 10 min at 4uC. Supernatant was

precleared by incubation with GST-bound glutathione-sepharose

4FF beads (Amersham Biosciences, Uppsala, Sweden). Precleared

lysate was incubated overnight at 4uC with 10 mg GST, GST-

tagged CD44HABD or CD443MUT immobilized onto glutathi-

one beads. After washes with 50 mM Tris pH 8.0, 150 mM NaCl,

PIC buffer, beads were eluted with 20 mM reduced glutathione in

50 mM Tris pH 8.0. Eluates were precipitated with 20% TCA,

precipitate was washed with cold acetone and aspirated dry. For

MALDI-TOF MS analysis of tryptic peptides, protein samples

were alkylated and visualized by silver staining on SDS-PAGE.

For biotinylation, adherent cells were incubated with 1 mM EZ-

Link Sulfo-NHS-LC-biotin (Pierce, Rockford, IL, USA) in PBS-

0.05% NaN3 for 30 min on ice, washed with 100 mM glycine-PBS

and lysed as described above. For IP of endogenous proteins,

adherent cells were rinsed with cold PBS and lysed in 50 mM Tris

pH 8.0, 50 mM NaCl, 1% CHAPS, PIC buffer. Lysate was

centrifuged at 14000 rpm for 30 min at 4uC. Supernatant was pre-

cleared with anti-HDAC1 immobilized onto protein A/G

sepharose beads (Amersham Biosciences) at 4uC. Precleared lysate

was incubated with anti-HDAC1 or anti-CD44 (MEM-263)

antibodies immobilized onto protein A/G beads overnight at

4uC. Beads were washed with lysis buffer and bound proteins were

eluted with 0.5 M glycine (pH 2.5). Finally, pH of eluates was

adjusted with 1 M Tris pH 8.0 and they were analyzed by

immunoblotting using anti-CD44 (2C5) or rabbit anti-vimentin

antibody. For IP of over-expressed proteins, adherent cells were

rinsed in cold PBS, lysed in lysis buffer containing 40 mM Hepes

pH 7.4, 120 mM NaCl, 1 mM EDTA, 0.6% CHAPS and PIC.

Lysates were centrifuged at 14000 rpm for 30 min at 4uC.

Supernatants were incubated with anti-Flag-M2 affinity gel

(Sigma) overnight at 4uC, beads were washed with lysis buffer

and bound proteins were eluted with 26Laemmli sample buffer.

Eluted protein complexes were analyzed by immunoblotting with

anti-Flag-M2 or anti-Myc.

Isothermal titration calorimetry and surface plasmon
resonance

ITC measurements were performed on a Nano-2G instrument

(TA Instruments, New Castle, DE, USA). Experiments were

performed in 50 mM Tris, 150 mM NaCl, pH 8.0 at 25uC. The

Figure 6. Vimentin dependent endocytosis of CD443MUT. MLEC were isolated either from wild-type (WT) or vimentin-null mice. (A)
Immunoblot of WT of Vim2/2 MLEC lysates with anti-vimentin rabbit polyclonal antibody. (B) FACS analysis of MLEC for cell surface markers with
either anti-PECAM-1, anti-ICAM-2 or anti-CD44 antibodies (black lines). Gray lines, no primary antibody controls. (C) MLEC-s were incubated with
CD443MUT-A568 (red) for 30 min and processed for immunofluorescence. Scale bars, upper panels 10 mm; insets 5 mm.
doi:10.1371/journal.pone.0029305.g006
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main experimental parameters were: sample cell volume – 1 ml,

syringe size – 250 ml, stirring rate – 250 rpm, injection volume –

10 ml, time interval between injections – 300 s. Titration data were

analyzed by non-linear fitting (SigmaPlot 10). SPR measurements

were performed on Biacore3000 (GE Healthcare). Vimentin was

covalently coupled to CM5 chip using amine coupling kit (GE

Healthcare). In association phase, CD443MUT concentrations

0.46–123 mM were injected over the chip surface. In the

dissociation phase, the sensor chip surface was eluted with buffer

50 mM Tris, 150 mM NaCl, pH 8.0. The association rate

constants and the dissociation rate constants were estimated using

BIAevaluation software (GE Healthcare) using a parallel binding

model, A+B1 «AB1, A+B2 « AB2. Kd values were also

determined from analysis of the equilibrium data using equation 1:

DR = (DRmax?x)/(Kd+x)+(c ? x), where x – concentration of the

injected protein, DR – the increase of the response value at

equilibrium, DRmax – capacity of the immobilised vimentin to bind

a protein (the number of binding sites), and c describes weak or

non-specific interaction.

Displacement assays
Adherent cells were harvested from culture plates with 5 mM

EDTA in PBS. Proteins were iodinated with 125I by using Iodo-

beads (Pierce). Cells were resuspended in incubation buffer

20 mM Tris-HCl pH 7.5, 5 mM MgCl2, 30 mM NaCl, 3 mM

CaCl2 or DMEM, 25 mM HEPES, 0.1% BSA. Cell suspension

was transferred into 96-well microtitre plate in 100 ml volume.

Unlabeled protein at different concentrations and 125I labeled

protein in 20 ml volume of incubation buffer was added into wells.

Reactions were incubated overnight at 4uC and stopped by

filtration through GF/B filters blocked with 0.1% BSA-PBS,

followed by washes with cold PBS. Filters were transfered into

5 ml vials and bound radioactivity was measured using gamma

counter (PerkinElmer).

FACS analyses
For CD443MUT cellular binding, HUVEC were serum starved

6 h and then induced for 30 min at 37uC with 10 ng/ml VEGF-

165 in media containing 0.5% FBS. Alexa Fluor 488-conjugated

CD443MUT or GST was added into media at 25 mg/ml and cells

were incubated for 1 h on ice. Cells were harvested from culture

plates by scraping. After washes with 0.1% BSA-PBS, cells were

fixed in 4% formaldehyde-PBS and analyzed using FACSCalibur

flow cytometer (BD Biosciences).

DNA constructs and transfection
Full-length vimentin was PCR amplified from human vimentin

cDNA and inserted into EcoRI/SacII site of pcDNA3.1/

MycHisB vector (Invitrogen). Vimentin deletion mutants con-

taining amino acids 1-96 (VIM1-96), 1-245 (VIM1-245), 246-466

(VIM246-466) and 97-466 (VIM97-466) were PCR amplified

from human vimentin cDNA using oligonucleotide pairs

containing EcoRI/NotI sites. PCR fragments were inserted into

EcoRI/NotI site of pcDNA3.1/MycHisB vector. Vimentin-GFP

(GFP, green fluorescent protein) constructs were created by

inserting EcoRI/SacII fragment from respective vimentin-

pcDNA3.1/MycHisB constructs into pEGFP-N1 vector. Vimen-

tin deletion mutant containing aa 407-466 (VIM407-466) was

PCR amplified from human vimentin cDNA and inserted into

EcoRI/SalI site of pEGFP-C2 vector. For creating Flag-tagged

CD44 DNA construct, full-length CD44 was PCR amplified from

human standard CD44 isoform cDNA and inserted into EcoRI/

NotI site of pCMV-Tag4a vector (Stratagene). MCF-7 cells were

transfected using 1:2 DNA:PEI ratio. Transfected cells were

grown at 37uC for 24 h. GST pull-down was performed as

described above.

Mouse lung endothelial cells
Wild-type MLEC were isolated from C3H mouse strain (The

Jackson Laboratory) and vimentin2/2 from Vim1/Vim1 mice

[31] obtained from EMMA (CNRS/CDTA, Orleans, France).

Lungs from three 6–8 week old mice were dissected and finely

minced with scissors on a dry culture dish. Lung pieces were put

into 20 ml pre-warmed 0.2% collagenase-I (Sigma) in PBS and

incubated with gentle agitation for 45 min at 37uC. Collagenase

digested lung suspension was triturated through 100 mm cell

strainer (BD Biosciences). Cell suspension was centrifuged 8 min

400 g at 4uC. Cell pellet was resuspended in 2 ml 0.1% BSA-PBS.

Cells were sorted by incubation for 15 min at RT with sheep anti-

rat IgG Dynabeads (Dynal, Norway) coated with rat anti-mouse

CD31 (MEC13.3) and rat anti-mouse ICAM-2 (3C4) antibodies.

Bead-bound cells were separated using a magnetic rack and

washed five times with M199 medium containing 10% FBS. After

separation, cells were plated onto dish and grown in M199

containing 10 mM HEPES, 20% FBS, 4 mM L-glutamine and

supplemented with 50 mg/ml Heparin, 30 mg/ml ECGS and

penicillin-streptomycin.

Internalization assay, immunofluorescence microscopy
and image processing

For internalization assays, cells on 8-well slide (BD Falcon)

were incubated at 37uC with CTxB-Alexa 555 (Invitrogen) and/

or CD44HABD-proteins at 13 mg/ml (<1 mM) in 0.5% FBS

containing media for 10 or 30 min. After 10 min uptake, cells

were washed with PBS two to three times and media was changed

to 10% FBS containing M199 HUVEC growth media and slides

were incubated for 20 or 50 min at 37uC. After incubations cells

were washed and fixed with 4% formaldehyde-PBS on for 10 min

on ice and for 10 min at RT. Cells were permeabilized using

0.1% Triton X-100 in 0.1% BSA-PBS. Antibodies were diluted in

0.1% BSA-PBS. Secondary antibody dilutions were supplement-

ed with 10 mg/ml Hoechst 33258 (Sigma). Slides were mounted

in Mowiol 4–88 (Sigma-Aldrich, St Louis, MO, USA). Confocal

fluorescent imaging was performed using Zeiss LSM510 micro-

scope with 663/1.4 oil immersion objective in multi-channel

mode (Carl Zeiss MicroImaging, Germany). Images were

prepared using Imaris 6.4 software (Bitplane, Zurich, Switzer-

land). For quantitation of endocytosis and vesicular colocaliza-

tion, single slices from the middle plane of the cell were semi-

automatically selected from confocal image stacks using Fiji

package (http://pacific.mpi-cbg.de/wiki/index.php/Fiji). Cell-

profiler 2.0 (r10415) software was used ror image segmentation

and automated analysis [54]. Endosomal outlines were identified

using Otsu global treshold, then endosomal marker/tracer object

outlines were used to create a mask to identify colocalizing

CD44HABD- or CD443MUT objects. Within these objects

correlation was measured between endocytosis marker and

CD44, and objects showing positive correlation were finally

counted as colocalizing. For calculation of average correlation

coefficient and 95% confidence interval, individual object

coefficients were transformed to z scores.

Statistical analysis of data
Data represent mean 6 SE. Statistical analysis and non-linear

fitting of data was performed using GraphPad Prism 5 software

(San Diego, CA, USA).
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Supporting Information

Figure S1 Cell-surface expression of overexpressed
vimentin in MCF-7 cells. Vimentin- or empty vector

transfected MCF-7 cells were subjected to cell surface biotinylation

(see Materials and Methods). Lysates were immunoprecipitated

with anti-vimentin antibody. Lysates and immunoprecipitates

were analyzed by WB using strepavidin-HRP (upper panel) or

anti-vimentin antibody (lower panel). Arrows indicate the location

of full length vimentin.

(TIF)

Figure S2 Characterization of anti-CD443MUT mouse
mAb 1A2. (A) ELISA analysis of serially diluted 1A2 mAb

(3.1 mg/ml) of rat serum2, rat serum+CD443MUT- or

CD443MUT-coated wells. PBS, no primary antibody control.

(B) Microplate wells were coated with different concentrations of

CD443MUT mixed with rat serum and analyzed by ELISA using

1A2 mAb at 1:400 dilution. (C) Wells were coated with CD44

peptides and analyzed by ELISA using 1A2 mAb at 1:50000

dilution. (D) Amino acid alignment of CD44HABD, CD443MUT

and peptides used for epitope mapping. Amino acid numbering is

according to human CD44; mutated positions are indicated in

green (wild-type amino acids) or red (mutant amino acids). Bars,

mean 6 SD.

(TIF)
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variant of glycoprotein CD44 confers metastatic potential to rat carcinoma cells.
Cell 65: 13–24.

2. Kogerman P, Sy MS, Culp LA (1997) Counter-selection for over-expressed

human CD44s in primary tumors versus lung metastases in a mouse
fibrosarcoma model. Oncogene 15: 1407–1416.

3. Griffioen AW, Coenen MJ, Damen CA, Hellwig SM, van Weering DH, et al.

(1997) CD44 is involved in tumor angiogenesis; an activation antigen on human
endothelial cells. Blood 90: 1150–1159.

4. Cao G, Savani RC, Fehrenbach M, Lyons C, Zhang L, et al. (2006) Involvement

of endothelial CD44 during in vivo angiogenesis. Am J Pathol 169: 325–336.

5. Katoh S, McCarthy JB, Kincade PW (1994) Characterization of soluble CD44

in the circulation of mice. Levels are affected by immune activity and tumor

growth. J Immunol 153: 3440–3449.

6. Cichy J, Bals R, Potempa J, Mani A, Pure E (2002) Proteinase-mediated release

of epithelial cell-associated CD44. Extracellular CD44 complexes with

components of cellular matrices. J Biol Chem 277: 44440–44447.

7. Yu Q, Toole BP (1996) A new alternatively spliced exon between v9 and v10

provides a molecular basis for synthesis of soluble CD44. J Biol Chem 271:

20603–20607.

8. Okamoto I, Kawano Y, Tsuiki H, Sasaki J, Nakao M, et al. (1999) CD44

cleavage induced by a membrane-associated metalloprotease plays a critical role
in tumor cell migration. Oncogene 18: 1435–1446.

9. Nakamura H, Suenaga N, Taniwaki K, Matsuki H, Yonezawa K, et al. (2004)

Constitutive and induced CD44 shedding by ADAM-like proteases and
membrane-type 1 matrix metalloproteinase. Cancer Res 64: 876–882.

10. Ristämaki R, Joensuu H, Grön-Virta K, Salmi M, Jalkanen S (1997) Origin and

function of circulating CD44 in non-Hodgkin’s lymphoma. J Immunol 158:
3000–3008.

11. Guo YJ, Liu G, Wang X, Jin D, Wu M, et al. (1994) Potential use of soluble

CD44 in serum as indicator of tumor burden and metastasis in patients with
gastric or colon cancer. Cancer Res 54: 422–426.

12. Mayer S, zur Hausen A, Watermann DO, Stamm S, Jäger M, et al. (2008)
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Monitoring intermediate filament assembly by small-angle x-ray scattering

reveals the molecular architecture of assembly intermediates. Proc Natl Acad
Sci U S A 103: 16206–16211.

52. Janiszewska M, De Vito C, Le Bitoux M, Fusco C, Stamenkovic I (2010)
Transportin regulates nuclear import of CD44. J Biol Chem 285: 30548–30557.

53. Lee J, Wang M, Chen J (2009) Acetylation and activation of STAT3 mediated

by nuclear translocation of CD44. J Cell Biol 185: 949–957.
54. Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang IH, et al. (2006)

CellProfiler: image analysis software for identifying and quantifying cell
phenotypes. Genome Biol 7: R100.

CD44 Binds Vimentin

PLoS ONE | www.plosone.org 11 December 2011 | Volume 6 | Issue 12 | e29305



 



MANUSCRIPT

Pink A., Kallastu A., Päll T., Turkina M., Školnaja M., Kogerman P., Valkna A.
(2013) Purification, characterization and plasma half-life of PEGylated soluble
recombinant non-HA-binding CD44

89



 



Purification, characterization and plasma half-life of PEGylated soluble 
recombinant non-HA-binding CD44

Anne Pinka,b, Aili Kallastub , Taavi Pälla,b, Marina Turkinab , Marianna Školnajab , Priit Kogermana,b
  
and 

Andres Valknaa,b,*

a
 Tallinn University of Technology, Department of Gene Technology, Akadeemia tee 15, 12618 Tallinn, 

Estonia;

b
 Competence Centre for Cancer Research, Akadeemia tee 15, 12618 Tallinn, Estonia;

* corresponding author. E-mail address: andres.valkna@ttu.ee. Fax: +372 6204336



PATENT

Kogerman P., Päll T., Strömblad S. (2010) Drug for treating states related to the
inhibition of angiogenesis and/or endothelial cell proliferation. US Patent No:
8,192,744

115



 



IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
US008192744B2

&12'nited States Patent
Stromblad et al.

(Io) Patent No.: US 8,192,744 B2
(45) Date of Patent: Jun. 5, 2012

(54) DRUG FOR TREATING STATES RELATED TO
THE INHIBITION OF ANGIOGENESIS
AND/OR ENDOTHELIAL CELL
PROLIFERATION

(75) Inventors:

(73) Assignee:

( * ) Notice:

(21) Appl. Noz

(22) Filed:

(65)

Staffan Stromblad, Huddinge (SE);
Taavi Pall, Tabasalu (EE); Priit
Kogerman, Tabasalu (EE)

IBCC Holding AS, Tallinn (EE)

Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

12/660,SS6

Mar. 5, 2010

Prior Publication Data

(56) References Cited

FOREIGN PATENT DOCUMENTS

WO WO/2003/018044 * 6/2003

OTHER PUBLICATIONS

Pall et al. Recombinant CD44-HABD is a novel and potent direct

angiogenesis inhibitor enforcing endothelial cell-specific growth

US 2011/0009310 Al Jan. 13, 2011

Related U.S.Application Data

(63) Continuation-in-part of application No. 10/487,620,
filed as application No. PCT/SE02/15431 on Aug. 26,
2002, now abandoned.

(51) Int. Cl.
A 61K38/16 (2006.01)
A 61K39/00 (2006.01)

(52) U.S. Cl...................424/184.1; 424/185.1; 514/21.2
(58) Field of ClassiTication Search ........................None

See application file for complete search history.

inhibition independently of hyaluronic acid binding. Oncogene

i20041 23, 7874-7881.*
Bajorath, J, et al. 1998.Identification of CD44 Residues Important to
Hyaluronan Binding and Delineation... J. Biol. Chem. 273itl
338-343.
Bartolazzi, A, et al. 1994. Interaction between CD44 and
Hyaluronate is directly implicated in the regulation.. J. Exp. Med.
180;53-66.
Gao, C.A.,et al. 1981.Metastasis suppression by the standard CD44
isoform does not require the binding... Cancer Rws. Sg;2350-2352.
Brown, T, et al. 1991.Human Keratinosytes express a New CD44
Core protein iCD44E1 as...The J, of Cell Biol. I 13itl;207-221.
Auerbach, R, et al. 2003 Angiogenesis Assays; A critical overview.
Clinical Chemistry 49i t1; 32-40.
Yu, G and Stamenkovic, I. 1999. Localization of matrix metal-
loproteinase 9 to the cell surface... Genes & Development 13;35-48.

* cited by examiner

Primary Examiner Maher Haddad

(74) Attorney, Agent, or Firm Gearhart Law, LLC

(57) ABSTRACT

Soluble recombinant CD44 hyaluronic acid binding domain
(CD44HABD) inhibits angiogenesis in vivo in chick and
mouse and thereby inhibits human tumor growth of various
origins. The anti-angiogenic effect of CD44-HABD is inde-
pendent of hyaluronic acid (HA) binding, since non-HA-
binding mutants of CD44HABD still maintain anti-angio-
genic properties. The invention discloses soluble non
glycosylated CD44 recombinant proteins as a novel class of
angiogenesis inhibitors based on targeting of vascular cell
surface receptor. A method of block of angiogenesis and
treatment ofhuman tumors using recombinant CD44 proteins
as well as their analogues is disclosed. As a further embodi-
ment of the invention, methods for screening for new drug
targets using CD44 recombinant proteins and their analogues
are presented.

14 Claims, 17 Drawing Sheets



U.S. Patent Jun. 5, 2012 Sheet 1 of 17 US 8,192,744 B2



U.S. Patent Jun. 5, 2012 Sheet 2 of 17 US 8,192,744 B2



U.S. Patent Jun. 5, 2012 Sheet 3 of 17 US 8,192,744 B2



U.S. Patent Jun. 5, 2012 Sheet 4 of 17 US 8,192,744 B2

xeput oiue60&6uy



U.S. Patent Jun. 5, 2012 Sheet 5 of 17 US 8,192,744 B2

I

Q m
~ e
mE

C)
C3 C) C)

l5

lQ

8 E
Q ~
eehZ ~ Q

00 CO W M C)
C3 CI C) C)
C) C) C) C)

(6) ~q5lae snomng



U.S. Patent Jun. 5, 2012 Sheet 6 of 17 US 8,192,744 B2

15QQ-

Pooo-

q SN-

~08T

~CO445-132

~CN42l-132 84)A, R788, Y78S

0,0

GST C D 44HA BD C D 44 HA Bl3
R41A

RTSSY798

FIG. S A-B



U.S. Patent Jun. 5, 2012 Sheet 7 of 17 US 8,192,744 B2



U.S. Patent Jun. 5, 2012 Sheet 8 of 17 US 8,192,744 B2

( )) ! &no ng



U.S. Patent Jun. 5, 2012 Sheet 9 of 17 US 8,192,744 B2



U.S. Patent Jun. 5, 2012 Sheet 10 of 17 US 8,192,744 B2

3000 ~ pBS

2500- = CD44-3MUT 2 ljg/ml

E
2000-

CD44-3MUT 10 pg/ml

E
e - CD44-3MUT 50 ljg/ml

1500-
0

1000-
E R

i
15

~ I I I I I I I
19 21 26 28 30 33 35 37

d.p.l.

2.C

FIG. 8

1.5-

1.0-
0
E3 0.5

5R'%$

5

Mb5
PBS 2pg 10pg 50pg

C044-3MUT



U.S. Patent Jun. 5, 2012 Sheet 11 of 17 US 8,192,744 B2

1000
AVaStln

E 750

1500
PBS

1250- ~ CD44-3MUT i.p.

E
CD44-3MUT pump j

p

500-

250-

0
15

I

18 21 24

d.p.l.

27

&.00- T

m 0.75-;

p 0.50-

0.25-

Fjc.9

0.00 I

PBS i p. pump Ava

C044-3MUT



U.S. Patent Jun. 5, 2012 Sheet 12 of 17 US 8,192,744 B2

300



U.S. Patent Jun. 5, 2012 Sheet 13 of 17 US 8,192,744 B2

2500
PBS 3xw

CI344-3MUT 10pg tv
E Ava 400 pg 2xw
a) 1500-
E

~ 1000-
0
E 500-

I

18
I I

22 26

d.p.l.

I

30
I

34 38



U.S. Patent Jun. 5, 2012 Sheet 14 of 17 US 8,192,744 B2

25666 ---.

AUVEC

Kd = )02.5vM

15000-.

10000

HAdase

M6dse

260



U.S. Patent Jun. 5, 2012 Sheet 15 of 17 US 8,192,744 B2

A



U.S. Patent Jun. 5, 2012 US 8,192,744 B2

HUVEC

50 P & 0.03

p 40
U

Z 30

20

0



U.S. Patent Jun. 5, 2012 Sheet 17 of 17 US 8,192,744 B2



US 8,192,744 B2
1

DRUG FOR TREATING STATES RELATED TO
THE INHIBITION OF ANGIOGENESIS

AND/OR ENDOTHELIAL CELL
PROLIFERATION

PRIORITY

This application is a continuation-in-part of the U.S.patent
application Ser. No. 10/487,620 filed on May 24, 2004, now

abandoned the priority of which is claimed, and which is a
national application of PCT/SE02/015431, filed on Aug. 26,
2002 and published as WO2003/018044 on Mar. 6, 2003, the
priority of which is also claimed.

SEQUENCE LISTING

This application contains sequence data provided on a
computer readable diskette and as a paper version. The paper
version of the sequence data is identical to the data provided
on the diskette.

TECHNICAL FIELD

The invention refers to the use of a molecule comprising
the CD44-hyaluronic acid binding domain for a drug and
manufacturing the drug. Furthermore, the invention relates to
a method for screening for substances binding to the molecule
comprising the CD44-hyaluronic acid binding domain.

TECHNICAL BACKGROUND

The formation of new blood vessels by angiogenesis is a
central event in many different pathological states, including
ocular diseases causing blindness, such as macular degenera-
tion, diabetic retinopathy and states of retinal hypoxia, states
ofchronic inflammation, such as rheumatoid arthritis, in pso-
riasis, atherosclerosis, restenosis, as well as in cancer growth
and metastasis. In addition, hemangioma is caused by uncon-
trolled proliferation of endothelial cells. Given that many of
these diseases are of a chronic nature and presently lack
satisfactory cure, search for treatments and drugs against
these diseases is very important. According to current para-
digm all solid tumors need to induce angiogenesis to cover
their metabolic needs and grow over millimeter size. There-
fore a possibility to inhibit tumor growth by reducing the
neovascularization within tumor tissue would be most useful
as adjuvant therapy for cancer cure. To this end, an agent
blocking angiogenesis has the potential to constitute a medi-
cament for all these common angiogenesis- (and/or endothe-
lial cell-) dependent diseases.

One interesting target for drugs against diseases of this
kind has been CD44 (Naot et al., Adv Cancer Res 1997;
71:241-319).CD44 is a cell surface receptor for the large
glycosaminoglycan of the extracellular matrix hyaluronic
acid (HA) (Aruffo et al., Cell 1990;61:1303-13).CD44 plays
a role in various cellular and physiological functions, includ-
ing adhesion to and migration on HA, HA degradation and
tumor metastasis. The CD44 receptor shows a complex pat-
tern of alternative splicing in its variable region of the extra-
cellular domain (Screaton et al., PNAS 1992; 89: 12160-4).
CD44 is able to bind matrix metalloproteinase-9 (MMP-9)
and can thereby localize MMP-9 to the cellular membrane,
which may in part explain its activity in promoting tumor cell
invasion and metastasis (Yu, 1999).

Among patent references disclosing CD44 and its connec-
tion to diseases described above may U.S. Pat. Nos. 6,025,
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138, 5,902,795, 6,150,162, 6,001,356, 5,990,299 and U.S.
Pat. No. 5,951,982 be mentioned.

WO94/09811 describes the use ofCD44 in treating inflam-
mation or detecting cancer metastasis of hematopoietic ori-
gin. Use of CD44 for inhibiting solid tumor growth or angio-
genesis is not disclosed. WO 99/45942 discloses the use of
HA-binding proteins and peptides including CD44 to inhibit
cancer and angiogenesis-dependent diseases. CD44 is men-
tioned as one example of a long list of HA-binding proteins.
In both publications the use ofCD44 is limited to its ability to
bind hyaluronic acid.

Ahrens et al. (Oncogene 2001; 20; 3399-3408) discloses
that soluble CD44 inhibits melanoma tumor growth by block-
ing the binding oftumor cell surface CD44 to hyaluronic acid.
Thus, this work teaches a hyaluronic acid binding dependent
mechanism for the CD44 effect directly on melanoma tumor
cell growth.

Alpaugh et al. (Exp. Cell Res. 261, 150-158 (2000)) dis-
closes myoepithelial-specific CD44 and its antiangiogenic
properties. This study deals with HA-binding properties of
CD44.

Bajorath (PROTEINS: Structure, Function, and Genetics
39: 103-111 (2000)) discloses CD44 and its binding to HA,
cell adhesion and CD44-signalling. Moreover, CD44
mutagenesis experiments are disclosed involving among oth-
ers the well-established non-HA-binding mutations R41A
and R78S, and their impact on CD44-binding to HA.

Bartolazzi et al. (1994) discloses an experiment where
mammalian cell expressed CD44HRg-molecule inhibits
tumor growth in nude mice. A mutant molecule CD44-R41A-
Rg, not mediating cell attachment to hyaluronate, also
expressed from mammalian cell did not have similar effect.

Thus, the prior art discloses the potential use of CD44 to
specify that any effects are dependent on HA-CD44-interac-
tion. Consequently, all utility ascribed this far to CD44-de-
rived peptides is directly dependent on their ability to bind
hyaluronic acid.

Given that hyaluronic acid is widely expressed in the body
at high levels, a treatment based on inhibition of this extra-
cellular component result in a high risk for unwanted side
effects outside ofthe tumor. Furthermore, because of the high
total amounts of HA in the body, such strategy will require
high doses of HA-blocking recombinant proteins, thus even
further increasing the risk for side effects.

Accordingly, a need exists for finding novel drugs for treat-
ing tumors, as well as novel pathways for the relation between
CD44 and tumor growth, in order to provide new drug targets,
which avoid the side effects described above.

There is also a clear need for a drug that could be admin-
istered in substantially smaller doses than substances having
primary effect on CD44-HA binding function.

In addition, there is a need to develop novel inhibitors of
angiogenesis, as these constitute potential medicaments not
only for cancer, but also for an array of common diseases as
disclosed above. To this end, it is important to elucidate the
relation between CD44 and angiogenesis, in particular the
potential direct effects ofCD44 on the vasculature and on the
various diseases that are dependent on new blood vessel for-
mation.

SUMMARY OF THE INVENTION

Kogerman et al. (Oncogene 1997; 15: 1407-16) found that
mouse fibrosarcoma cells stably expressing human CD44
standard isoform (hCD44s) had lost their hCD44s expression
in large subcutaneous tumors. When hCD44s negative cells
from these primary tumors were reintroduced subcutaneously
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into new mice for second round of tumor growth, then result-

ing tumors had significantly shorter latency times than
hCD44s positive tumors.

The observed longer latency times for hCD44s expressing
tumors lead the inventors to realize that the inhibitory effect
of hCD44s over expression in subcutaneous tumor growth is
connected to inhibition of tumor angiogenesis. Induction of
angiogenesis is essential for growth and persistence of solid
tumors and their metastases. In the absence of angiogenesis,
tumors cannot grow beyond a minimal size and remain dor-
mant in the form of micrometastases (Holmgren et al., Nat
Med 1995; I: 149-53). The inventors disclose here that
recombinant soluble human CD44 hyaluronic acid binding
(CD44HABD) domain inhibits angiogenesis in vivo in chick
and endothelial cell proliferation in vitro, and thereby blocks
human tumor growth in chick and mice. The inventors
describe a novel type of angiogenesis inhibitor, as they found
that recombinant cell surface receptor CD44 inhibits angio-
genesis and tumor growth in vivo and endothelial cell prolif-
eration in vitro. Furthermore, the inventors have created
mutant forms of CD44 that are surprisingly also capable of
inhibiting angiogenesis. The mutant forms were found to
inhibit tumor growth in vivo and the effect is dose-dependent.
The advantage with these mutants of CD44 is that they do not
bind HA, demonstrating that the mechanism for inhibition of
angiogenesis is unexpectedly independent of binding to HA.
Importantly, use ofmutant CD44 for systemic administration
as a medicament will be more specific for angiogenesis, since
it will not be bound up by HA in the body, and can therefore
be used at lower doses and has less risk of causing unwanted
side effects.

Accordingly, the invention relates to the use of a molecule
comprising a non-HA-binding variant of the CD44-hyalu-
ronic acid binding domain, as well as analogues and recom-
binant variants thereof, including the specified mutants, for
treating states related to the inhibition of angiogenesis and
manufacturing of a medicament for treating such states.
Moreover, the invention relates to a method for screening for
molecules binding to the CD44-hyaluronic acid-binding
domain, thereby being potential targets for inhibiting angio-
genesis and for cell proliferation. Further, the invention
relates to a kit for carrying out the screening method, as well
as the molecules found by the method. Also, the invention
relates to a molecule comprising a non-HA-binding variant of
the CD44-hyaluronic acid binding domain, as well as ana-

logues, recombinant and mutated variants thereof for target-
ing of endothelial cells.

According to this disclosure, drugs for treating states
related to angiogenesis, such as various cancerous states, can
be easily provided, taking advantage ofthe novel mechanisms
presented herein. Furthermore, through the method of screen-
ing, other molecules may be found, which affect cell prolif-
eration and/or angiogenesis.

SHORT DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a SDS PAGE of recombinant GST and GST-
CD44 proteins. The gel was stained with Coomassie Brilliant
Blue. Molecular weight markers are shown on the right.

FIG. 2 shows that recombinant CD44HABD binds to
hyaluronic acid. a, wild type CD44HABD, but not R41A,
R78SY79S or R41AR78SY79S HA non-binding mutants,
binds to immobilized HA. b, CD44HABD inhibits human
aortic endothelial cell migration towards HA, whereas R41A
HA-non-binding mutant has no effect. A3, monoclonal anti-

body to CD44, that blocks HA binding, and also inhibit endot-
helial cell migration.
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FIG. 3 shows that recombinant human CD44HABD blocks
angiogenesis in vivo in chick chorio-allantoic membrane. a,
Filter discs and associated CAM from typical angiogenesis
experiment where angiogenesis was induced with bFGF. b-d,
Angiogenesis was assessed as number of blood vessel branch
points; mean angiogenic index+/ —SEM. *(P&0.05), signifi-
cant results.

FIG. 4 shows that recombinant CD44HABD inhibits mela-
noma (SMMU- I, M21) and hepatocellular carcinoma
(HepG2) growth in chick CAM.

FIG. 5 shows that recombinant CD44HABD inhibits CD44
negative melanoma growth. a, Growth curve ofs.c. SMMU- I
tumors in nude mice treated with CD44HABD,
CD44HABD 'r GST as control, n=8 per group.
b, Tumor weights at day 16, where the black line represents
the median value. c, Representative photographs of mice at
day 16, treated as indicated. d, Blood vessel density at tumor
border per high power field (HPF). *(P&0.005), **(0.05)
significant results.

FIG. 6. CD44-HABD fusion proteins inhibit the growth of
human pancreatic cancer cells in nude mice. BxPC-3 pancre-
atic adenocarcinoma (a) tumors in nude mice treated with
GST-CD44HABD (solid rectangular), GST-
CD44HABD 'solid triangle) or GST (diamond-
solid) as control (n=6-7). b, average BxPC-3 tumor weights at
the end of experiment. Values in graphs and bars represent
mean+/ —s.e.m. Asterisk indicates P&0.05.

FIG. 7. Recombinant CD44HABD blocks specifically
endothelial cell cycle. The proportion of cells in S-phase
when treated with GST (black), GST-CD44HABD (pale
gray) or GST-CD44HABD 'gray).) HUVEC,
human vascular endothelial cells; CPAE, cow pulmonary
arteria endothelial cells; NHDF, normal human dermal fibro-
blasts; MCF-7, human breast carcinoma cells.

FIG. S. shows tumor growth assay with Hep3b human
hepatoma cells in nude mice. Hep3b cells (3.5x10 ) were
injected subcutaneously into Foxnl athymic nude mice.
Intraperitoneal treatment with drugs started on day 14 post
inoculation when the average tumor volume reached 150
mm . CD44-3MUT and PBS (phosphate buffered saline)
were administered thrice a week. Tumor length (L) and width

(W) were measured throughout the study. Tumor volumes
were calculated using formula V=L*W /2. Final weight of
dissected tumors was measured. Panel A, growth curves of
tumors treated with different doses of CD44-3MUT. Panel B,
average tumor weights at the end of experiment. Error bars
indicate SEM.

FIG. 9 Tumor growth assay with Hep3b human hepatoma
cells in nude mice. Hep3b cells (Sx10 cells) were injected
subcutaneously into Foxnl athymic nude mice. 14 days after
inoculation, the average tumor volume reached 85 mm, mice
were grouped into 4 groups. In one group CD44-3MUT was
administrated I pg/mouse after every 12 hours by intraperi-
toneal injection. Another three groups of mice were anesthe-
tized and 100 pl osmotic-pumps were implanted into intrap-
eritoneal cavity through the midline abdominal incision.
Before implantation pumps were filled with treatment solu-
tions: PBS; Avastin (AVA) 400 pg/pump (approximate drug
release from pump is 28.6 pg/day); CD44-3MUT 150
pg/pump (drug release 1.07 pg/day). Tumor length (L) and
width (W) were measured throughout the study. Tumor vol-
umes were calculated using formula V=L*W /2. Final weight
ofdissected tumors was measured. Panel A, growth curves of
tumors treated with different administration methods of
CD44-3MUT. Panel B, average tumor weights at the end of
experiment. Error bars indicate SEM. Experiments have been
performed by Celecure as blind experiments.
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FIG. 10 Angiogenesis assay with chick aortic fragments.
Aortic fragments were dissected from 14-day old chick
embryo and embedded into collagen-I matrix containing
VEGF and respective proteins. After 48 h of incubation pho-
tomicrographs were taken from aortic rings and blood vessel
outgrowth was quantified on images by measuring vessel
length from tip to aortic tissue. CD44-3MUT inhibits signifi-
cantly VEGF-induced blood vessel growth (p=0.002, one-

way ANOVA, n=4 independent experiments).
FIG. 11Tumor growth assay with Hep3b human hepatoma

cells in nude mice. Hep3b cells (3.5x10 ) were injected sub-

cutaneously into Foxnl athymic nude mice. Intraperitoneal
treatment with drugs started on day 14 post inoculation when
average tumor volume reached 150 mm . CD44-3MUT was
injected in the dose 10 pg per animal (0.4 mg/kg) thrice a
week and Avastin dosing was used 400 pg per animal twice a
week.

FIG. 12 Saturation binding of iodine-125 labeled CD44-
3MUT. Cells were incubated I h with different concentra-
tions of 125-I labeled CD44-3MUT. Bound radioactivity was
quantified by a 7-counter. (A) Binding curves of representa-
tive experiment ofHUVEC endothelial cells (left) and Ramos
lymphoma cells (right). Kd-s were calculated using non-lin-
ear fit of specific binding. (B) Enzymatic degradation of
hyaluronan reduces significantly CD44-HABD cellular bind-

ing (left panel), whereas CD44-3MUT binding remained
unchanged. Curve was fitted to global specific binding data
using non-lin fit. Statistical analysis was performed using
extra sum of squares F-test. (C) Bmax of CD44-HABD and
CD44-3MUT on HUVEC. Bars show mean~SE (n=3).
Abbreviations: UT, untreated; Hadase, hyaluronidase;
3MUT, CD44-3MUT; HABD, CD44-HABD.

FIG. 13 Test of CD44-3MUT binding to VEGF receptors.
Modified ELISA tests to evaluate the binding of VEGFR2
(panel A) and VEGFRI (panel B) to immobilized CD44-
3MUT. ELISA plate wells were coated with VEGF, as posi-
tive control and GST (Glutathione-S-transferase), PBS or
CD44-3MUT. Nonspecific binding was blocked with 2.5%
non-fat dry milk solution. VEGFRI and VEGFR2 were added
into the coated wells and incubated for I h at RT. VEGFR
binding was detected with anti-VEGFR antibodies

FIG. 14 CD44-3MUT binding to growth factor treated
endothelial cells. Serum starved HUVEC were induced 30
min with VEGF165, followed by incubation with directly
fluorescence-labeled CD44-3MUT at 4'. CD44-3MUT
binding by HUVEC was analyzed by FACS. Bars represent
percentage of cells binding CD44-3MUT (mean~SE, n=5).
Statistical analysis was done using two-tailed paired t-test.

FIG. 15 Cell proliferation assay of HUVE cells. CD44-
3MUT inhibits endothelial cell proliferation in dose-depen-
dent fashion. Exponentially growing HUVE cell populations
were treated with respective proteins for 24 h. Cells were
double-stained with propidium iodide and BrdU and ana-
lyzed by FACS.

DEFINITIONS

The "hyaluronic acid binding domain" is hereafter referred
to as HABD.

By a "non-HA-binding variant" of HABD is meant a vari-
ant that is modified by way ofmutation or in any other way, so
that it at least partly has lost its ability to bind to HA, but still
has the capacity to inhibit angiogenesis and/or endothelial
cell proliferation.

"Molecule" means here the smallest particle ofa substance
that retains the chemical and physical properties of the sub-
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stance and is composed of two or more atoms; a group of like
or different atoms held together by chemical forces.

Accordingly "Administering soluble human CD44HABD
molecule" does not include injecting cells. The pharmaceu-
tical composition could be adapted to oral or parenteral use,
and could be administered to the patient as tablets, capsules,
suppositories, solutions, suspensions or the like.

CD44HABD 'efers to a non HA binding triple
mutant of the CD44HABD and is synonymous to CD44-
3MUT. The molecule is according to SEQ ID NO:12.

By "analogues and recombinant variants" of a molecule
comprising the CD44HABD, are meant molecules, such as
fusion proteins, comprising the CD44HABD, thereby at least
partly exerting essentially the properties of the CD44HABD.

By "states related to the inhibition of angiogenesis and/or
endothelial cell proliferation" are meant such states and dis-
eases, which may be treated or affected by an inhibition ofthe
angiogenesis and/or endothelial cell proliferation.

By "a binding partner" for a molecule comprising the
CD44HABD is meant a molecule having affinity for
CD44HABD or mutants thereof.

By "a receptor molecule, or a part of a receptor molecule"
is meant a molecule acting as a receptor, or being part of a
receptor.

By "a modified variant" is in the context of the invention
meant any modification to a normal wt-molecule, such as
deletions, insertions, substitutions, analogs, fragments or
recombinant variants thereof.

DETAILED DESCRIPTION OF THE INVENTION

WO94/09811 describes the use ofCD44 in treating inflam-
mation or detecting cancer metastasis. The authors show that
CD44 is upregulated in inflammatory conditions and CD44
peptides are capable of inhibiting T-cell activation. No data or
claims are presented on inhibition ofmetastasis by CD44 and
no claims are made towards use ofCD44 for inhibiting tumor
growth or angiogenesis. WO 99/45942 discloses the use of
HA-binding proteins and peptides including CD44 to inhibit
cancer and angiogenesis-dependent diseases. This publica-
tion uses metastatin, a 38 kDa fragment of the cartilage link
protein as well as a HA-binding peptide derived from this
fragment to inhibit pulmonary metastasis of B 16 mouse
melanoma and Lewis lung carcinoma. In the case of the
HA-binding peptide, growth of B16 melanoma on chicken
CAM and endothelial cell migration on HA have been inhib-
ited. In both publications the use of HA-binding peptides is
directly related to their ability to bind hyaluronic acid.

CD44 was previously implicated to promote angiogenesis
by a mechanism dependent on its ability to bind matrix met-
alloproteinase-9 (MMP-9) (Yu and Stamenkovic, Genes Dev
1999; 13:35-48; Yu and Stamenkovic, Genes Dev 2000; 14:
163-76). Over expression of soluble CD44 (sCD44v6-10) in
murine TA3 mammary carcinoma cells inhibited the binding
of MMP-9 to the tumor cell surface and thereby blocked
tumor growth and vascularization (Yu and Stamenkovic
2000). MMP-9 was previously demonstrated to be involved in
angiogenesis during development and in tumors (Vu et al.,
Cell 1998; 93: 411-22; Bergers et al., Nat Cell Biol 2000; 2:
737-44; Coussens et al., Cell 2000; 103: 481-90). CD44-
MMP-9 complex is also implicated in activation of latent
TGF J3 since tubulogenesis in vitro was inhibited by block of
TGF J3. (Yu and Stamenkovic, 2000).

The mutants of CD44-HABD used in this disclosure show

very different affinities towards MMP-9 but independent of
that, surprisingly they inhibit angiogenesis equally well. This
makes it unlikely that MMP-9 binding is critical for the inhi-
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bition ofangiogenesis as disclosed in the present invention. In
addition, this disclosure describes a mechanism for CD44 that

directly inhibits angiogenesis. Furthermore, the disclosure
demonstrates a mechanism for CD44 that has a distinct target
in normal endothelial cells, as compared to the previously

proposed mechanism disrupting CD44-binding of MMP-9 at
trans formed tumor cell surfaces. Gao et al. (Cancer Res 1998;
58: 2350-2) show that metastatic ability, but not tumorigenic-

ity of rat Dunning AT3.1 prostate cancer cells is independent
of HA binding, as over expression of rat CD44 standard
isoform and R44A non-HA-binding mutant both reduced
dramatically formation of metastatic lung colonies but not
local tumor growth. This suggests that other CD44 binding
partners distinct from HA must be involved in metastasis. A
number of CD44-binding proteins have been described
including HGF, bFGF, fibronectin, osteopontin, selectin to
name a few. However, the binding of several of these proteins
is dependent on the post-translational modifications of CD44
and/or the inclusion of alternative exons in CD44 that are not
present in our recombinant fusion proteins. Also, many of
these CD44-binding proteins are present in large amount in
the body, making CD44-derivatives binding to any of these
less useful as a drug, because of a high risk of side effects. In
addition, none ofthe previously described proteins are unique
for targeting vascular cells, neither do they block a pathway
required specifically for the growth of endothelial cells.
Accordingly, the pathway we suggest in this disclosure has
not been described before. This disclosure discloses a method
for identifying the binding partner of CD44 and the pathway
that is relevant for the inhibition of angiogenesis and endot-
helial cell growth.

In a first aspect the invention relates to the use ofa molecule
comprising a non-HA-binding variant of the CD44HABD, as
well as analogues, recombinant and mutated variants thereof,
for the manufacturing of a medicament for treating states
related to the inhibition of angiogenesis and/or endothelial
cell proliferation.

In one embodiment, the CD44-HABD comprises at least
one mutation, thereby rendering it non-HA-binding.

In a preferred embodiment, the mutation(s) is (are) chosen
from F34A, F34Y, K38R, K38S, R41A, Y42F, Y42S, R46S,
E48S, K54S, Q65S, K68S, R78K, R78S, Y79F, Y79S,
NIOOA, NIOOR, NIOIS, Y105F, Y105S, S112R, Y114F,
F119A, F119Y. Preferably, the mutations are chosen from
one or more of R41A, R78S, Y79S.Also, deletion mutations
resulting in any fragment of CD44 from 3 to 110amino acids
in length are potentially useful for the purposes of the inven-
tion. However, the skilled person easily realizes that any
mutation to wild-type HA-binding CD44, which makes the
CD44-HABD, or fragments thereof, at least partly non-HA-
binding, such as one or more deletions, substitutions or addi-
tions, may be introduced in the CD44-HABD part, as long as
the desired properties are achieved.

The CD44-HABD is a protein covering amino acids
21-132of intact human CD44 molecule, or has high degree of
homology to this region of human CD44. The chicken CD44-
HABD is the most dissimilar HABD that has been isolated by
the inventors, having a sequence homology of 55% to human
HABD at the amino acid level. Thus, a high degree of
sequence homology means at least approximately 55% amino
acid homology, desirably at least 65% homology, and most
desirably at least 75% homology.

According to a preferred embodiment the C44-HABD pro-
tein and its non HA binding mutations are produced in bac-
terial cell culture and thereby the protein is non-glycosylated
form.
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Furthermore, the molecule according to the invention
refers to a deleted or in any other way changed or mutated
form of the CD44-HABD protein, whereby the changed form
exhibits essentially the same properties as the original CD44-
HABD-protein, or the herein specified CD44-HABD-mu-
tants, as measured by any one of the methods described here.

In a preferred embodiment, the molecule comprising the
non-HA-binding variant of the CD44HABD is chosen from
the group comprising: human CD44HABD (SEQ ID NO: 2),
dog CD44HABD (SEQ ID NO: 4), chick CD44HABD (SEQ
ID NO: 6), human CD44HABD 'SEQ ID NO: 8), human
CD44HABD (SEQ ID NO: 10), and
CD44HABD 'SEQ ID NO: 12), the sequences
above further comprising at least one modification thereby
making them non-HA-binding. Other variants are also pos-
sible, such as CD44HABD, CD44HABD, as well as
GST-CD44HABD-fusion proteins having the R41A, R78S or
the. Y79S mutations.

CD44HABD 'D44HABD and
CD44HABD 're preferred examples of mutated
variants ofCD44-HABD, wherein the letters/figures in super-
script indicates the position and type of mutation.

GST-CD44HABD is a fusion protein of a GST-part and
CD44HABD. Other possible fusion proteins may be chosen
from the group comprising IgG, IgM, IgA, His, HA, FLAG,
c-myc, EGFP. GST is a short for glutathione-S-transferase,
being used as a tag for the purpose ofbeing able to purify the
fusion protein on a GST-binding column, as well as for the
purpose of detection. GST occurs naturally as a 26 kDa pro-
tein (Parker, M. W. et al., J. Mol. Biol. 213, 221 (1990);Ji, X.
et al., Biochemistry, 31, 10169(1992);Maru, Y. et al., J.Biol.
Chem. 271, 15353 (1996).).

Accordingly, in another embodiment, the recombinant
variant is a fusion protein having a GST part and a CD44-
HABD part, wherein the CD44-HABD-part is in a wild-type
form or in a mutated form. Other tags than GST are also fully
possible.

Preferably, the CD44-HABD has a homology to the
sequence SEQ ID NO: 2 of at least 55%, more preferably at
least 65%, even more preferably at least 75%. Most prefer-
ably, the CD44-HABD is a modified variant (non-HA-bind-
ing gene product) of the sequence SEQ ID NO: 1.

The invention may be used for all states related to the
inhibition of angiogenesis and/or endothelial cell prolifera-
tion. States and diseases to be treated may be chosen from the
following non limiting group: ocular diseases causing blind-
ness, or impaired vision, such as macular degeneration, dia-
betic retinopathy and states of retinal hypoxia, states of
chronic inflammation, such as rheumatoid arthritis, in psoria-
sis, atherosclerosis, restenosis, as well as in cancer growth
and metastasis, as well as all forms of cancer diseases and
tumors, such as a cancer ofbreast, prostate, colon, lung, skin,
liver, brain, ovary, testis, skeleton, epithelium, endothelium,
pancreas, kidney, muscle, adrenal gland, intestines, endo-
crine glands, oral cavities, head and neck, or other solid tissue
origin, or being any form of leukemia, as well as in heman-

gioma. For instance, the invention may be used for mouse, rat,
chick, dog, horse, cat, bovine animals and for all long-lived
species in a normal zoo. Preferably, the invention is used for
humans.

In still another aspect, the invention refers to a recombinant
molecule comprising a GST-part and a CD44HABD part. The
CD44HABD part may for example be mutated with one or
more of the following mutations: F34A, F34Y, K38R, K38S,
R41A, Y42F, Y42S, R46S, E48S, K54S, Q65S, K68S, R78K,
R78S, Y79F,Y79S, NIOOA, NIOOR, NIOI S,Y105F,Y105S,
S112R,Y114F,F119A, F119Y.Preferably, the mutations are
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chosen from one or more ofR41A, R78S,Y79S.However, the
skilled person easily realizes that any mutation to wild-type
HA-binding CD44, which makes the CD44-HABD, or frag-
ment thereof, at least partly non-HA-binding, such as one or
more deletions, substitutions or additions, may be introduced
in the CD44-HABD part, as long as the desired properties are
achieved.

In a preferred embodiment, the CD44-HABD-part com-
prises a non-HA-binding variant of the CD44-HABD of any
one of the amino acid sequences SEQ ID NO: 2, SEQ ID
NO:4, SEQ ID NO:6, SEQ ID NO:8, SEQ ID NO:10, SEQ ID
NO:12, the sequences above further comprising at least one
modification thereby making them non-HA-binding.

In the most preferred embodiment, CD44HABD com-
prises at least three consecutive amino acids of the amino
acids 23-132 of CD44. Basically, all fragments from 3-110
amino acids in size are potentially efficient, for example
amino acids 23-25, 24-26, 25-27, etc., amino acids 23-26,
24-27, etc., 23-27, etc., 23-28, etc. Thus, all combinations of
consecutive amino acids up to 110amino acids of the original
molecule are possible for the purposes of the invention, as the
skilled man easily realizes, as long as they show the desired
properties, as tested by the methods illustrated in the example
section of this application

In another embodiment, the CD44HABD part is encoded
by a sequence having at least 55% homology, preferably 65%
homology, more preferably 75% homology, most preferably
being any one of the nucleotide sequences: SEQ ID NO: I,
SEQ ID NO:3, SEQ ID NO:5, SEQ ID NO:7, SEQ ID NO:9,
SEQ ID NO:11, whereby the nucleotide sequences are in a
modified form (non-HA-binding gene product or peptide).

In another aspect, the invention refers to a pharmaceutical
composition in order to inhibit angiogenesis and/or endothe-
lial cell proliferation, characterized in that it comprises at
least one molecule comprising the CD44HABD, as well as
analogues, recombinant and mutated variants thereof, in mix-
ture or otherwise together with at least one pharmaceutically
acceptable carrier or excipient.

The pharmaceutical compositions are prepared in a manner
known to a person skilled in the pharmaceutical art. The
carrier or the excipient could be a solid, semi-solid or liquid
material that could serve as a vehicle or medium for the active
ingredient. Suitable carriers or excipients are known in the
art. The pharmaceutical composition could be adapted to oral
or parenteral use and could be administered to the patient as
tablets, capsules, suppositories, solutions, suspensions or the
like.

The pharmaceutical compositions could be administered
orally, e.g. with an inert diluent or with an edible carrier. They
could be enclosed in gelatin capsules or be compressed to
tablets. For oral therapeutic administration the compounds
according to the invention could be incorporated with excipi-
ents and used as tablets, lozenges, capsules, elixirs, suspen-
sions, syrups, wafers, chewing gums and the like. These
preparations should contain at least 4% by weight of the
compounds according to the invention, the active ingredient,
but could be varied according to the special form and could,
suitably, be 4-70% by weight of the unit. The amount of the
active ingredient that is contained in compositions is so high
that a unit dosage form suitable for administration is obtained.

The tablets, pills, capsules, lozenge s and the like could also
contain at least one of the following adjuvants: binders such
as microcrystalline cellulose, gum tragacanth or gelatin,
excipients such as starch or lactose, disintegrating agents
such as alginic acid, Primogel, corn starch, and the like,
lubricants such as magnesium stearate or Sterotex, glidants
such as colloidal silica dioxide, and sweetening agents such
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as saccharose or saccharin could be added or flavorings such
as peppermint, methyl salicylate or orange flavoring. When
the unit dosage form is a capsule it could contain in addition
of the type above a liquid carrier such as polyethylene glycol
or a fatty oil. Other unit dosage forms could contain other
different materials that modify the physical form of the unit
dosage form, e.g. as coatings. Accordingly, tablets or pills
could be coated with sugar, shellac or other enteric coating
agents. Syrup could in addition to the active ingredient con-
tain saccharose as a sweetening agent and some preservatives,
dyes and flavoring agents. Materials that are used for prepa-
ration of these different compositions should be pharmaceu-
tically pure and non-toxic in the amounts used.

For parenteral administration the compounds according to
the invention could be incorporated in a solution or suspen-
sion. Parenteral administration refers to the administration
not through the alimentary canal but rather by injection
through some other route, as subcutaneous, intramuscular,
intraorbital, intracapsular, intraspinal, infrasternal, intrave-
nous, intranasal, intrapulmonary, through the urinary tract,
through the lactiferous tract in cattle, into an organ such as
bone marrow, etc. Bone marrow may also be treated in vitro.
These preparations could contain at least 0.1%by weight of
an active compound according to the invention but could be
varied to be approximately 0.1-50% thereof by weight. The
amount of the active ingredient that is contained in such
compositions is so high that a suitable dosage is obtained. The
solutions or suspensions could also comprise at least one of
the following adjuvants: sterile diluents such as water for
injection, saline, fixed oils, polyethylene glycols, glycerol,
propylene glycol or other synthetic solvents, antibacterial
agents such as benzyl alcohol or methyl paraben, antioxidants
such as ascorbic acid or sodium bisulfite, chelating agents
such as ethylene diamine tetra-acetic acid, buffers such as
acetates, citrates or phosphates, and agents for adjustment of
the tonicity such as sodium chloride or dextrose. The
parenteral preparation could be enclosed in ampoules, dis-
posable syringes or multiple dosage vessels made of glass or
plastic. For topical administration the compounds according
to the invention could be incorporated in a solution, suspen-
sion, or ointment. These preparations could contain at least
0.1% by weight of an active compound according to the
invention but could be varied to be approximately 0.1-50%
thereof by weight. The amount of the active ingredient that is
contained in such compositions is so high that a suitable
dosage is obtained. The administration could be facilitated by
applying touch, pressure, massage or heat, warms, or infrared
light on the skin, which leads to enhanced skin permeability.
Hirvonen et al., Nat Biotechnology 1996; 14: 1710-13
describes how to enhance the transport of a drug via the skin
using the driving force ofan applied electric field. Preferably,
iontophoresis is affected at a slightly basic pH.

In yet another aspect, the invention relates to a method for
the treatment of a cancerous tumor or any other disease
related to angio genesis and/or endothelial cell pro li feration in
a subject, comprising administrating a pharmaceutical dose
of a molecule comprising the CD44HABD, as well as ana-

logues, recombinant and mutated variants thereof.
By a subject is meant any mammal, including humans. A

human subject is preferred.
In another embodiment, the invention may be used for

treating other diseases and disorders characterized by exces-
sive formation ofblood vessels and/or uncontrolled endothe-
lial cell proliferation. These include, but are not limited to,
adult blindness, or impaired vision, caused by diabetic retin-
opathy or macular degeneration, psoriasis and various states
of chronical inflammation and hemangioma.
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CD44HABD or a fragment thereof can be obtained by any
method of recombinant expression or chemical synthesis
known in the art. According to most preferred embodiment it
is expressed in bacterial cells as described in example I.It can
be cloned into baculovirus vectors and expressed in insect
cells. Bacterially expressed proteins lack any posttransla-
tional modifications and accordingly the putative N-linked
glycosylation sites of CD44HABD are nonglycosylated in
the recombinant protein. The proteins of this disclosure can
however be also expressed in mammalian cells or in any other
expression system, but in such case the recombinant protein
would need to be modified to remove the glycosylation. The
affinity tag can be added to the protein product and the protein
can be purified using affinity chromatography with the
selected tag. The affinity tags are well known in the art and
include, but are not limited to, GST-tag, His-tag, S-tag,
T7-tag, V5-tag, E2-tag, c-myc-tag, HA-tag, FLAG-tag. The
protein may be expressed without any tag and be purified by
immunoaffinity, ion exchange or gel filtration chromatogra-

phy or a combination thereof. Furthermore, non-glycosylated
CD44HABD, fragments thereof, or its analogues can be
obtained by known methods of chemical synthesis including
but not limited to solid-phase peptide synthesis. CD44HABD
obtained by any of the described methods is included in the
present invention.

In still another aspect, the invention relates to a method for
screening for a binding partner for a molecule comprising the
CD44HABD as well as analogues, mutants and recombinant
variants thereof, comprising the steps of:

a) providing the molecule comprising the CD44HABD, or
fragments thereo f;

b) contacting a potential binding partner to said molecule;
and

c) determining the effect of said molecule on said potential
binding partner.

Potential methods for screening comprise: (I) a) Incubation
of CD44/HABD, CD44HABD analogues or mutants thereof
with cells, cell lysates, cellular fractions, tissues, organisms,
animals or parts of organisms or animals.

b) Purification and detection of CD44HABD binding part-
ners (e.g. by affinity columns, gel electrophoreses, and any
detection using antibodies or protein staining or isotopes or
other means of detecting CD44HABD or tags connected to
CD44HABD.

c) Identification ofCD44HABD binding partners by local-
ization in gel electrophoresis (e.g. 2D electrophoresis), use of
mass spectroscopy, sequencing, antibodies or other means of
identification.

d) Determining the effect of CD44HABD on identified
binding partners or determining the effect ofother interacting
agents of said potential binding partner in vitro or in vivo.

e) Using an identified CD44HABD-binding partner to
design novel inhibitors of cell proliferation and/or angiogen-
esis.

(II) a) Using CD44HABD as a bait for genetic screening of
DNA, cDNA, phage, peptide, protein, cell or organism librar-
ies or screening of synthetic peptide, protein, polysaccharide,
lipid, heparan sulphate or proteoglycan libraries using
CD44HABD, analogues or mutants thereof as a bait,

b) Detection of CD44HABD binding partners by selection
markers.

c) Identification of CD44HABD binding partners by
sequencing, hybridization, restriction analysis, antibodies or
by step-wise elimination within a library or by other means of
identification.
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d) Determining the effect of CD44HABD on identified
binding partner or determining the effect of other interacting
agents of said potential binding partner in vitro or in vivo.

e) Using an identified CD44HABD-binding partner to
design novel inhibitors of cell proliferation and/or angiogen-
esis.

Moreover, the screening method of the invention may also
be used for determining the effect of other activators or func-
tional blocking agents of said potential binding partners.

Furthermore, a CD44HABD-mutant, or fragment, may be
used for the screening. This may provide a more specific
search for finding anti-angiogenic molecules.

In one embodiment, the potential binding partner is chosen
from the group comprising: proteins, glycoproteins, pro-
teoglycans, heparan sulphates, lipids, glycans, glycosides
and saccharides.

In another embodiment, the potential binding partner is a
receptor molecule, or a part of a receptor molecule or a
molecule binding to a cell surface receptor molecule or a
molecule located at the cell surface without being a receptor
molecule.

In yet another embodiment, the potential binding partner is
an extracellular molecule, being localized in the extracellular
matrix, tissue sinuses, lymph- or blood vessels.

In yet another aspect, the invention relates to a binding
partner for a molecule comprising the CD44HABD found by
the method described above. The said binding partner, being
a molecule promoting or inhibiting angiogenesis and there-
fore a potential target for the development ofnovel inhibitors
of angiogenesis, e.g. a cell surface receptor that normally
confers pro-angiogenic signaling, including a receptor for
soluble angiogenic factors, such as growth factor receptor
(e.g. VEGF-receptor family, FGF-receptor family, EGF-re-
ceptor family, PDGF-receptor family), receptor for the extra-
cellular matrix (e.g. integrins, syndecans, proteoglycans),
cell-cell-adhesion receptor (e.g. Cadherins, Ig-like superfam-

ily, selectins). The receptor transduces pro-angiogenic sig-
nals into endothelial cells or block anti-angiogenic signaling
or promote anti-angiogenic signaling in endothelial cells.
Activation of this receptor to signal occurs by binding to an
extracellular ligand or by activation targeting the cytoplasmic
domain of the receptor by intracellular signaling events.
Alternatively, the receptor at the cell surface acts as a carrier
that transports and directs its ligand to an intracellular recep-
tor (e.g. nuclear receptor), both which are examples ofpoten-
tial binding partners that may be identified by the claimed
screening methods and may be utilized as anti-angiogenic
targets.

In still another aspect, the invention refers to a kit for
carrying out the method described above comprising, in sepa-
rate vials, the molecule, or the genetic information, compris-
ing the CD44HABD, analogues or mutants or parts thereof,
and the potential binding partner, or parts thereof.

In yet another aspect the invention refers to the use of a
molecule comprising the CD44HABD-, as well as analogues,
recombinant and mutated variants or fragments thereof for
targeting of endothelial cells. Since the CD44HABD-mol-
ecule of the invention has shown the capacity to bind endot-
helial cells, it may be used to target such cells.

In one embodiment, the molecule further comprises a moi-
ety showing chemotherapeutic and gene therapy properties.
Hereby, the CD44-HABD-molecule of the invention, in a
modified variant, may be used as an anti-tumor drug towards
endothelial cells. As the skilled person in the art realizes, the
function that is coupled to the CD44-HABD-molecule of the
invention may also have other properties than anti-tumoral
such as anti-endothelial cell proliferation and/or migration,
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pro-apoptotic or disrupting essential functions of endothelial
cells or other vascular cells. However, a moiety having anti-
tumoral properties is one preferred embodiment.

By "showing chemotherapeutic properties" is meant that
the molecule having this property has the capacity to inhibit
the growth and/or kill the cells it is targeted for, as measured

by use of in vitro tissue culture of cells or tissues, in vitro
screening of enzymatic activity, e.g. kinase, phosphatase,
glycosylation, acetylation, proteolysis, linker ligation or any
other enzymatic activities, proton transfer, in vitro or in vivo
screening of ion pump function, and/or in vivo or in vitro
screening of cell growth, apoptosis, or other means of cell
death, tumor progression, metastasis, invasion, angiogenesis
and/or tissue homeostasis.

10

manufacurer's protocol (Quickchange.RTM., Stratagene).
Mutagenic oligo pairs:

For R417).
(SEQ ID NO: 15)

(5'GI)G~TGGTGCCTI)CI)GCI)TCTCTCGG-3'nd

(SEQ ID NO: 16)
5'I)GI)TGCTGTI)GGCI)CCI)TTTTTCTCCI)CG-3',

For R78SY79S
(SEQ ID NO: 17)

(5'GI)CCTGCI)GCTCTGGGTTCI)TI)G 3',
and

The moiety showing chemotherapeutic and/or gene
therapy properties may for example be chosen from different
viruses for gene therapy, various chemotherapeutics, which
would be known by the skilled person of the art, naked DNA
coupled to HABD, mutants, or fragments thereof, as well as
other DNA-carriers, including but not limited to lipids, pep-
tides and proteins.

For example, Arap et al. (Science, 1998, 279: 377-380),
Ellerby et al. (Nature Medicine, 1999,5; 9:1032-1038),and
Trepel et al. (Human Gene Therapy, 2000, 11:1971-1981)
discloses the coupling of a doxorubicin molecule (cyto-
statica), the coupling of an apoptosis-inducing peptide, and
the coupling of a virus, respectively, for targeting of endot-
helial cells.

The coupling of a virus is an example on how an endothe-
lial-targeting molecule can be used for gene therapy.

Accordingly, in yet another embodiment, the invention
relates to a molecule comprising the CD44HABD, as well as
analogues, recombinant and mutated variants or fragments
thereof, and a moiety showing chemotherapeutic and/or gene
therapeutic properties.

In still another embodiment, the invention relates to a mol-
ecule of the invention coupled to a moiety having chemo-
therapeutic properties as defined above, for medical use.

The invention will now be described with reference to the
following examples, which are intended for illustrative pur-
poses only, and do not limit the scope of the invention in any
way.

EXAMPLES

Example I

Construction and Purification of Wild-Type and
Mutant Human CD44HABD as Non-Glycosylated

GST Fusion Protein

Human CD44 standard i so form cDNA (Stamenkovic et al.,
EMBO I 1991; 10: 343-8) was used to PCR amplify the
hyaluronic acid binding domain, covering amino acids
21-132 (SEQ ID NO: 2), with the oligonucleotides 5'CGC-
GAATTCCAGATCGATTTGAATATG 3'SEQ ID NO: 13)
(containing internal EcoRI cleavage site) and 5'CGC-
GAGCTCCTTCTAACATGTAGTCAG 3'SEQ ID NO: 14)
(containing internal Sacl cleavage site). The resulting PCR
amplification product was cloned into a pGEX-KG vector
(Guan and Dixon, Anal Biochem 1991;192:262-7). Genera-
tion ofCD44HABD hyaluronic acid non-binding mutant was
performed by site-directed mutagenesis according to the

(SEQ ID NO: 18)
5 'I)TGIu)CCCI)GI)GCTGCI)GGTCTC 3

'ere

used for introduction of R41A and R78S, Y79S muta-
tions respectively into wild type CD44HABD.

Chicken CAM and dog liver RNA were purified from the
respective tissues using RNAqueous kit from Ambion (Aus-
tin Tex.) according to manufacturers specifications. CDNAs
encoding chicken and dog CD44HABD were obtained by
RT-PCR with primers specific to nucleotides 63-81 (SEQ ID
NO: 4) and 359-330 (SEQ ID NO:6) of CD44 from the
respective species. The primer pairs were as follows:

For chicken:
5'-CI)GI)GI)CI)CIu)TTCIu)TI)TI).-3', (SEQ ID NO: 19)
and

30

5'-TTGGCTCI)CI)TGCTTTG-3'SEQ ID NO: 20)

Fr dog:
5'-CGCI)GI)TCGI)TTTGIu)CI)TI).-3', (SEQ ID NO: 21)
and

35
5 'CCGI)TGTI)CIu)TCCTCTTC-3 ' (SEQ ID NO: 22)

Example 2

60 Recombinant Wild-Type but not Mutant
CD44HABD can Bind Hyaluronic Acid (HA) in

Dose-Dependent manner and can Inhibit Haptotaxis
of Human Aortic Endothelial Cells (HAEC) Towards

HA
65

High molecular weight hyaluronic acid at I mg ml
'Sigma)in PBS was used to coat Maxisorp (Nunc) plates

The cDNAs corresponding to SEQ ID NO: 3 (dog) and
SEQ ID NO: 5 (chicken) were cloned into bacterial expres-
sion vector pET15b (Novagen) that expresses proteins in E.
coli as fusions with His-tag. Wild type and R41A, R78S,
Y79S mutant GST-CD44HABD expression was induced in
E. coli BL21 strain at 27'. with I mM IPTG at OD6p p:0.7
and purified using glutathione agarose beads (Sigma) accord-
ing to manufacture's protocol. The resulting protein was

46 essentially pure as detected by Coomassie Brilliant Blue
staining of the preparation separated by SDS polyacrylamide
electrophoresis (FIG. I).Chicken and dog CD44HABD were
purified using the HICAM Resin (Sigma) according to manu-
facturer's protocol. The resulting protein was also essentially

60 pure and free of contaminants as judged by Coomassie Bril-
liant Blue staining of SDS-polyacrylamide gels.

As is indicated already above, bacterially expressed pro-
teins lack any posttranslational modifications and accord-
ingly the putative N-linked glycosylation sites of

55
CD44HABD are non-glycosylated in the recombinant pro-
tein as produced under this example and used in all the fol-
lowing examples.
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overnight at room temperature (RT). Wells were washed with
PBS and blocked with 2% BSA for 2 h at RT. Purified proteins
diluted in PBS were added to the wells and incubated I h at
RT. After three times washing with PBS-T, mouse anti GST
antibody B-14 (Santa Cruz Biotechnology) was incubated I h
at RT before further washing and I h incubation at RT with
HRP-conjugated goat anti mouse secondary antibody
(Dako). HA binding was visualized by with OPD chromoge-
nic substrate (Sigma) and absorbance was read at 450 nm. As
shown in FIG. 2A, wild type but not mutant CD44 fusion
proteins bind HA in a concentration dependent manner.

Human aortic endothelial cells (HAEC) were obtained
from Clonetics and grown in EBM-2 media (Clonetics)
supplemented with 10%FCS, 2 pg ml 'ouse EGF (Sigma)
and 50 pg ml 'entamycin. Cell migration assay was per-
formed in Transwell migration chambers (pore size 8 mm;
Costar). Lower compartment of chambers contained I pg
ml 'igh molecular weight hyaluronic acid (Sigma).
CD44HABD, CD44HABD 'r GST (10 pg ml ') was
added to the lower compartment. For antibody inhibition
assay, cells were preincubated 30 min with 10 pg ml 'nti
CD44 mAb A3 (Guo et al., 1993, 1994).Aortic endothelial
cells were added to the upper compartment of the Transwell
chamber and allowed to migrate to the underside of the mem-
brane for 2.5h. The migrated cells were fixed and stained with
0.5%crystal violet. After washing membranes were dried and
bound dye was eluted with 10%acetic acid. Optical density of
recovered elute was spectrophotometrically read at 600 nm.
The results shown in FIG. 2B demonstrate that wild type
CD44HABD but not respective non-HA-binding R41A
mutant, inhibited human aortic endothelial cell migration
towards HA whereas migration was also inhibited by anti-

body that specifically blocks CD44 binding to HA (A3).

Example 3

Recombinant CD44 Fusion Proteins Block
Angiogenesis in Chick Cam Independent on

HA-Binding

10-day-old chick embryos were prepared as described in
[Brooks et al., I Clin Invest 1995; 96: 1815-22].For angio-
genesis assay, filter discs soaked with 100 ng ml 'EGF
(Sigma), 100 ng ml 'GFu (Sigma) or I pg ml 'FGF
(Gibco Lifetech) were placed on CAMs, followed by daily
ectopical addition of 10 pg of CD44HABD,
CD44HABD 'r GST and PBS as controls (n=6
per group). After 72 h, filter discs and the surrounding CAM
tissue were dissected and angiogenesis quantified in a dissec-
tion microscope. Angiogenesis was assessed as the number of
blood vessel branch points within the CAM area directly
under the filter discs.

GST-CD44HABD and GST-CD44HABD 'ut
not GST treatment completely abolished the angiogenic
effect of VEGF, bFGF or TGFu (FIG. 3a-d), indicating that
soluble CD44HABD blocks angiogenesis induced by three
distinct angiogenic factors and this inhibition is independent
on HA binding since HA non-binding mutants were equally
effective in inhibiting angiogenesis.

Example 4

Recombinant CD44HABD Proteins Block the
Growth of Different Tumor Cell Lines on Chick Cam

Independent of HA-Binding Capacity

SMMU-I human melanoma cells were originally isolated
from primary tumor and is CD44-negative (Guo et al., Cancer

6

10

16

20

26

30

36

40

46

60

60

66

Res 1994; 54: 1561-5).HepG2 human hepato-cellular carci-
noma was grown in RPMI1640 containing 10% fetal bovine
serum and 50 mg ml 'inomycin. SMMU-I-cells and M21
cells were grown in DMEM containing 10% fetal bovine
serum and 50 pg ml 'entamycin. The cells were detached
from the plates by trypsinization and I million cells were
seeded onto the CAMS of 10-day old chicken embryos. The
tumors were treated every two days with 10 pg of the fusion
protein of either human or chicken origin in 100 pl of PBS or
with vehicle alone. 7 days later the tumors were resected and
the wet mass was determined. As shown in FIG. 4 the tumor
growth of all tested tumor cell lines was inhibited signifi-
cantly by HA-binding wild type as well as by HA-nonbinding
mutated CD44HADB.

Example 5

Recombinant CD44 Fusion Proteins Inhibit Tumor
Growth in Nude Mice Independent of HA-Binding

Capacity

I x10 SMMU-I cells were injected subcutaneously into
backs of 6-week old female BALB/cABom nude mice
(M&B). Next day mice were injected subcutaneously proxi-
mal to the tumor with 2.4 mg kg 'f body weight of GST-
CD44HABD, GST-CD44HABD 'r GST alone
in 100 pl PBS. The treatment was repeated every second day
and animals were sacrificed after two weeks, tumors dis-
sected and analyzed for weight and prepared for tissue analy-
sis. Subcutaneous treatment of mice with CD44HABD or
non-HA-binding mutant CD44HABD 'ignifi-
cantly reduced tumor growth when compared to GST-treated
controls (FIG. 5a, c, P&0.05 at all time points). At day 16,
when mice were sacrificed, CD44HABD and
CD44HABD 'reated mice had in average 45%
smaller tumor burden (47% and 43% respectively) than GST-
treated mice (FIG. 5b).

For immunohistochemical analysis, 4 pm thick tissue sec-
tions were cut from formalin fixed and paraffin embedded
SMMU-I tumors of similar size. Blood vessel staining on
tissue sections was performed using goat anti-mouse
PECAM-I (Santa Cruz Biotech) primary antibody and pri-
mary antibody binding was detected by alkaline phosphatase
conjugated anti-goat secondary antibodies and developed
using Vectastain kit (Vector Laboratories). Immunohis-
tochemical analysis of tumors by staining for PECAM-I
positive blood vessels showed that CD44HABD and
CD44HABD 'reated tumors were also less vascu-
larized at the tumor border (FIG. 5d).

Example 6

Recombinant Non-Glycosylated
CD44HABD 'CD44-3MUT) Affects on

Xenograted Human Tumors

Hep3b cells (3.5x10 ) were injected subcutaneously into
Foxnl athymic nude mice. Intraperitoneal treatment with
drugs started on day 14 post inoculation when the average
tumor volume reached 150 mm . Administration of 10 pg of
CD44-3MUT 3 times a week decreases tumor growth signifi-
cantly. Results on are shown in FIG. 9. (FIG. 1 OF THE
REPORT) Administration of CD44-3MUT in the range of
2-50 pg/mouse (0.1-2.5 mg/kg) inhibits tumor growth in
dose-dependent manner.

We have also shown that CD44-3MUT effect on tumor
growth is dose-dependent regardless of the method of admin-
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istration. FIG. 9 shows the results when the protein was
administered intraperitoneal but there were no significant
differences when the administration was intravenous (results
not shown).

Taken into account that CD44-3MUT is a protein of small
size that has relatively short clearance kinetics we have also
used constant drug administration using intraperitoneal
micro-osmotic pumps over the period of 14 days. Such
administration routine gives consistent level of CD44-3MUT
and might improve the anti-angiogenic and anti-tumour efft-
cacy. We have shown that CD44-3MUT administrated using
micro-osmotic pump giving the dose of I pg/mouse/day
inhibits tumor growth significantly and more effectively than
the same dose administrated intraperitoneally (FIG. 10).

Example 7

CD44HABD '~ ~ (CD44-3MUT) Affects the
Growth of Blood Vessels as Tested in Ex Vivo Chick

Aortic Assay

The inhibitory effect of CD44-3MUT to the growth of
blood vessels was confirmed also in ex vivo chick aortic ring
assay. Results are shown in FIG. 11. In this system, aortic
rings cultured in collagen gel give rise to micro vascular
networks composed of branching endothelial channels. By
using intact vascular explants, it reproduces more accurately
the environment in which angio genesis takes place than those
with isolated endothelial cells. The growth of blood vessels
from chicken embryo aortic ring embedded into collagen-I
gel was induced by VEGF according to the used method
(Auerbach et al., 2003; Clinical Chem. 49:I; 32-40) and test
proteins were added directly into the growth matrix. Signifi-
cant reduction of VEGF induced angiogenesis after CD44-
3MUT treatment was observed.

Example 8

CD44-HABD Fusion Proteins Inhibit the Growth of
Human Pancreatic Cancer also in Nude Mice

Independent of HA-Binding Capacity

Ix10 BxPC-3 (ATCC, Manassas, Va.) cells were injected
subcutaneously into backs of 6-8 week old female BALB/
cABom nude mice (M&B, Ry, Denmark). When tumor nod-
ules appeared mice started to receive by subcutaneous inj ec-
tions proximal to the tumor 20 pg (BxPC-3) or 50 pg
(SMMU-I) of GST-CD44HABD, GST-
CD44HABD 'r GST in 100 pl PBS. The treat-
ment was repeated in every second day and animals were
sacrificed when most of control tumors reached 25 mm in
diameter. Tumor volume was calculated using formula
(Width xLength)x0.52. At the end of experiment tumors
were dissected out, analyzed for weight and prepared for
tissue analysis. BxPC-3 cells gave rise to slowly growing
tumors. The GST-treated controls reached the average weight
of0.267+/ —0.042 g at day 52 when mice were sacrificed (FIG.
2d-g). The treatment ofmice with GST-CD44HABD or GST-
CD44HABD 'ignificantly inhibited BxPC-3
tumor growth reducing the average tumor weight by 60%
(0.108+/—0.028 g) and 70% (0.085+/ —0.017 g) compared to
control, respectively (P&0.05; n=6). Results are shown in
FIG. 6.

Example 9

CD44-3MUT Treatment is as Efficient as

Anti-VEGF Therapy

We have also compared the effects of CD44-3MUT and

anti-VEGF antibody (Avastin, bevacizumab, Roche). Avastin
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is an approved angiogenesis inhibitor. It is, in combination

with intravenous 5-fluorouracil-based chemotherapy, indi-

cated for first- or second-line treatment ofpatients with meta-

static carcinoma of the colon or rectum. In combination with

carboplatin and paclitaxel, is indicated for first-line treatment

ofpatients with unrespectable, locally advanced, recurrent or
metastatic non-squamous, non-small cell lung cancer. In

combination with paclitaxel Avastin is indicated for the treat-

ment of patients who have not received chemotherapy for
metastatic HER2-negative breast cancer.

It has been shown in animal model that Avastin inhibits

grafted human tumor growth in mice also as a monotherapy.

We compared Avastin efficacy with efficacy of CD44-3MUT.
The experimental conditions were similar to those shown in

Example 6. As is shown in FIG. 12 CD44-3MUT treatment

gives similar effect compared to anti-VEGF therapy.

Example 9

Recombinant CD44HABD Inhibits Specifically
Endothelial Cell Proliferation In Vitro and Blocks

Endothelial Cell Cycle

For cell cycle analysis exponentially growing primary

human vascular endothelial cells (HUVEC), cow pulmonary

arterial endothelial (CPAE) cells, primary human fibroblasts

(NHDF), MCF-7 or SMMUI cells were incubated 48 h in the

presence of 30 pg ml 'ST-CD44HABD, GST-
CD44HABD ', GST or PBS. Cells were pulsed
with 30 pg ml 'romodeoxyuridine (BrdU) for 60 min, har-

vested and fixed in ice-cold ethanol. Cells were then stained

for BrdU with anti-BrdU mAb G3G4 (Developmental Stud-

ies Hybridoma Bank, University of Iowa, iowa) diluted I:50
followed by fluorescein isothiocyanate-conjugated goat anti-

mouse antibody (Jackson Immunoresearch, West Grove, Pa.)
in parallel with staining with propidium iodide. The cell cycle
distribution was then analyzed with a FACScan Flow Cytom-
eter (Becton Dickinson, Franklin Lakes, N.J.).

Human vascular endothelial cells and cow pulmonary arte-

rial endothelial cells exposed to GST-CD44HABD or GST-
CD44HABD 'isplayed a markedly reduced
amount of cells in S-phase (5% and 6%, respectively) as

compared to control treated cells (25%; FIG. 7D). Further-

more, CD44HABD had no significant effect on the cell cycle
ofprimary human fibroblasts (NHDF) or on any of the tumor

cells tested, suggesting that cell cycle inhibition by
CD44HABD is specific for endothelial cells.

Example 10

Characterization of CD44-3MUT
(CD44HABDR41AR78sr79s)

We tested cellular binding of CD44-3MUT on different
endothelial, lymphoid and tumor cell lines to characterize it'

cell-type specificity and to obtain an estimate of it's equilib-

rium dissociation constant (Kd) and maximum number of
binding sites (Bmax).

For binding assays we used Hep3B human hepatocellular

carcinoma, MCF-7 human breast adenocarcinoma, COS-I
African green monkey kidney fibroblasts, cow pulmonary
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artery endothelial cells (CPAE), human umbilical vein endot-

helial cells (HUVEC), RAMOS and RAJI human Burkitt's

lymphoma cells, and THP-I human monocytic leukemia cell
lines. Saturation binding experiments were done by incubat-

ing cells with different concentrations of 125I-labeled CD44-
3MUT. Nonspecific binding was defined by the addition of
excess nonradioactive CD44-3MUT into reaction. To test
whether cellular binding of CD44-3MUT is mediated via

hyaluronic acid, we treated cells in some experiments with

hyaluronidase to destroy possible binding sites. Bound radio-

activity was quantified using 7-counter. Specific and nonspe-

cific binding was analyzed using simultaneous nonlinear

curve fitting function in GraphPad Prism 4/5 software.
We found that HUVEC binds 125I-CD44-3MUT with

average Kd 146+72 nM and Bmax 0.028+0.019 fmol/cell
(n=15; mean~SD). Ramos lymphoma cells bound 125I-
CD44-3MUT with average Kd 54~22 nM (FIG. 13A, Table
I). We tested also wild type 125I-CD44-HABD binding to
HUVEC treated with hyaluronidase or left untreated. 125I-
CD44-HABD bound to HUVEC with average Kd 82~28 nM
(n=3) (FIG. 13B,C). Whereas hyaluronidase treatment of
HUVEC had no significant effect on 125I-CD44-3MUT
binding yielding Kd 188+38 nM and Bmax 0.039+0.022
fmol/cell (n=4) (FIGS. 13B and C). Interestingly, CD44-
3MUT has up to 10 times more binding sites on HUVEC than
wt CD44-HABD.

TABLE I

1261-CD44-3MUT cellular bindinp

growth factor binding to their receptors. To test the hypothesis

we directly measured CD44-3MUT binding to VEGF recep-
tors. VEGF signaling pathway is a well exploited mechanism

targeted by many different anti-cancer drugs (e.g. Avastin).
6

We have developed a modified ELISA test (to detect CD44-
3MUT binding specificity to isolated recombinant receptors
VEGFRI and VEGFR2). Obtained results indicate that

CD44-3MUT does not bind to VEGF receptors in vitro, as

10 does VEGF itself in our assay (FIG. 14) Therefore the anti-

angiogenic effect ofCD44-3MUT is most probably not due to
direct interference with VEFG-related signal transduction.

Example 12

CD44-3MUT Binds to Activated/Growth Factor
Induced Endothelial Cells

Next we examined whether the activation of endothelial

cells by VEGF has effect on CD44-3MUT cellular binding.
For this, we serum starved HUVEC for 6 h followed by
indction with 10 ng/ml VEGF for 30 min. After induction

HUVEC were incubated with fluorescence-labeled CD44-
3MUT at 4 C. Results show that treatment of endothelial cells
with VEGF increases significantly CD44-3MUT bound

HUVEC-cells from 26.8%-6.1 to 38%=/ —7.9 (P=0.028, two

Kd, nM Bmax, fmol/cell n cells origin

Ramos
Raj i
THP-I
HUVEC
PC-3
COS-I
CPAE
MCF-7
Hep3B

64+ 22"
140+ 9
93 + 19

146 a 72
171 + 62
176+ 74
186
422+ 379
966 + 764

0.0198
0.0176
0.0226

0.028
0.0192
0.0306
0.08

0.096
0.266

+ 0.0064
a 6.2E—06
+ 0.0133
+ 0.019
+ 0.0023
a 0.021

+ 0.097
+ 0.19

2 Burkitt's lymphoma cells
2 Burkitt's lymphoma cells
6 human myelocytic leukemia

16 human umbilical vein endithelial cells
2 human prostate adenocarcinoma
6 green monkey kidney fibrobtasts
I cow pulmonary artery endothelial cells
2 human breast adenocarcinoma
4 human hepatocellular carcinoma

values shown as mean + SD.
number of experrments

In addition to HUVEC and Ramos, 125I-CD44-SMUT
binds with comparable affinity to other tested cell lines
including Raj i lymphoma, THP-I monocytic leukemia, PC-3
prostate carcinoma, COS-I monkey fibroblasts and CPAE
cow aortic endothelial cells (Table I). Binding to MCF-7
breast carcinoma cells is saturable but with lower affinity, Kd
422~379 nM. 125I-CD44-3MUT binding to Hep3B hepatic
carcinoma remained virtually unsaturated.

These results suggest that there is a specific binding site for
CD44-3MUT protein on the surface of cells of different ori-

gin.

46 tailed paired t-test, FIG. 15). This experiment shows that

CD44-3MUT binds preferably to activated/growth factor
induced endothelial cells, indicating that in physiological

context CD44-3MUT will be probably targeted to sites where

endothelial cell proliferation and/or migration takes place or
where endothelial permeability is changed (e.g. angiogen-

esis, wound healing, inflammation).

Example 13

Example 11

CD44-3MUT Does not Bind to VEGF Receptors In
Vitro

Results of Example 3 above, show that CD44-3MUT
inhibits angiogenesis induced by different growth factors
(TGF-alfa, bFGF and VEGF) in chick CAM, suggesting the
CD44-3MUT target in angio genesis inhibition is downstream

ofthese signaling pathways, i.e.CD44-3MUT is not blocking

60

CD44-3MUT Inhibits Endothelial Cell Proliferation

in a Dose-Dependent Fashion

Exponentially growing HUVE cell populations were

treated with respective proteins for 24 h. Cells were double-

stained with propidium iodide and BrdU and analyzed by
FACS. Results showing that CD44-3MUT treatment inhibits

endothelial cell proliferation in a dose-responsive way are

depicted in FIG. 16.
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SEQUENCE LISTING

&160& NUMBER OF SEQ ID NOS: 24

&210& SEQ ID NO 1
&211& LENGTH: 336
&212& TYPE: DNA

&213& ORGANISM: Homo sapiens

&400& SEQUENCE: 1

cagatcgatt tgaatataac ctgccgcttt gcaggtgtat tccacgtgga gaaaaatggt

cgctacagca tctctcggac ggaggccgct gacctctgca aggctttcaa tagcaccttg

60

120

cccacaatgg cccagatgga gaaagctctg agcatcggat ttgagacctg caggtatggg 180

ttcatagaag ggcatgtggt gattccccgg atccacccca actccatctg tgcagcaaac 240

aacacagggg tgtacatcct cacatacaac acctcccagt atgacacata ttgcttcaat 300

gcttcagctc cacctgaaga agattgtaca tcagtc 336

&210&
&211&
&212&
&213&
&220&
&221&
&222&
&223&

SEQ ID NO 2
LENGTH: 112
TYPE: PRT
ORGANISM: Homo sapiens
FEATURE:
NAME)KEY: PEPTIDE
LOCATION: (1) ..(112)
OTHER INFORMATION: CD44 HABD

&400& SEQUENCE: 2

Gly Ile Asp Leu Asn Met Thr Cys Arg Phe Ala Gly Val Phe His Val
1 5 10 15

Glu Lys Asn Gly Arg Tyr Ser Ile Ser Arg Thr Glu Ala Ala Asp Leu
20 25 30

Cys Lys Ala Phe Asn Ser Thr Leu Pro Thr Met Ala Gln Met Glu Lys
35 40 45

Ala Leu Ser Ile Gly Phe Glu Thr Cys Arg Tyr Gly Phe Ile Glu Gly
50 55 60

His Val Val Ile Pro Arg Ile His Pro Asn Ser Ile Cys Ala Ala Asn
65 70 75 80

Asn Thr Gly Val Tyr Ile Leu Thr Ser Asn Thr Ser Gln Tyr Asp Thr
85 90 95

Tyr Cys Phe Asn Ala Ser Ala Pro Pro Glu Glu Asp Cys Thr Ser Val
100 105 110

&210& SEQ ID NO 3
&211& LENGTH: 336
&212& TYPE: DNA

&213& ORGANISM: Canis familiaris

&400& SEQUENCE: 3

cgcagatcga tttgaacata acctgccgct acgcaggtgt gttccatgtg gagaaaaacg 60

gtcgctacag catctccagg acggcggctg ccgacctctg caaggctttc aacagcaccc

tgcccaccat ggcccagatg gagcgagccc tgagcgtggg ctttgagacc tgcaggtacg

120

180

ggttcataga aggacatgtg gtgatccccc gtatccaacc caatgctatt tgtgctgcaa 240

accatacagg ggtgtacatc ctcatatcca acacctccca gtacgacacg tattgcttca 300

atgcttcagc tccacctgaa gaggattgta catcgg 336

&210& SEQ ID NO 4

&211& LENGTH: 112
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&212&
&213&
&220&
&221&
&222&
&223&

TYPE: PRT
ORGANISM: Canis familiaris
FEATURE:
NAME)KEY: PEPTIDE
LOCATION: (1) ..(112)
OTHER INFORMATION: CD44 HABD

&400& SEQUENCE: 4

Gln Ile Asp Leu Asn Ile Thr Cys Arg Tyr Ala Gly Val Phe His Val
1 5 10 15

Glu Lys Asn Gly Arg Tyr Ser Ile Ser Arg Thr Ala Ala Ala Asp Leu
20 25 30

Cys Lys Ala Phe Asn Ser Thr Leu Pro Thr Met Ala Gln Met Glu Arg
35 40 45

Ala Leu Ser Val Gly Phe Glu Thr Cys Arg Tyr Gly Phe Ile Glu Gly
50 55 60

His Val Val Ile Pro Arg Ile Gln Pro Asn Ala Ile Cys Ala Ala Asn
65 70 75 80

His Thr Gly Val Tyr Ile Leu Ile Ser Asn Thr Ser Gln Tyr Asp Thr
85 90 95

Tyr Cys Phe Asn Ala Ser Ala Pro Pro Glu Glu Asp Cys Thr Ser Val
100 105 110

&210& SEQ ID NO 5
&211& LENGTH: 339
&212& TYPE: DNA

&213& ORGANISM: gallus gallus

&400& SEQUENCE: 5

cagagacaca attcaatata acttgcagat atggaggagt gtttcatgtg gagaaaaatg 60

gtcgctacag tctcacacga gctgaagcaa ttgagctctg tagagctctc aatagtacct

tggcaacact ggagcaattt gaaagagctc atgcacttgg atttgaaacg tgcaggtatg

120

180

gttttatagt ggggcatatt gttatcccac gaatcaatcc atatcatctt tgtgcagcaa 240

atcatacagg catttacaaa ctttcagcaa atacaactgg ccggtatgat gcatattgtt 300

acaatgcaac agaaacgagg agcaaagcat gtgagccaa 339

&210&
&211&
&212&
&213&
&220&
&221&
&222&
&223&

SEQ ID NO 6
LENGTH: 112
TYPE: PRT
ORGANISM: Gallus gallus
FEATURE:
NAME)KEY: PEPTIDE
LOCATION: (1) ..(112)
OTHER INFORMATION: CD44HABD

&400& SEQUENCE: 6

Glu Thr Gln Phe Asn Ile Thr Cys Arg Tyr Gly Gly Val Phe His Val
1 5 10 15

Glu Lys Asn Gly Arg Tyr Ser Leu Thr Arg Ala Glu Ala Ile Glu Leu
20 25 30

Cys Arg Ala Leu Asn Ser Thr Leu Ala Thr Leu Val Gln Phe Glu Arg
35 40 45

Ala His Ala Leu Gly Phe Glu Thr Cys Arg Tyr Gly Phe Ile Val Gly
50 55 60

His Ile Val Ile Pro Arg Ile Asn Pro Tyr His Leu Cys Ala Ala Asn
65 70 75 80

His Thr Gly Ile Tyr Lys Leu Ser Ala
85

Asn Thr Thr Gly Arg
90

Tyr Asp
95
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Ala Tyr Cys Tyr Asn Ala Thr Glu Thr Arg Ser Lys Ala Cys Glu Pro
100 105 110

&210& SEQ ID NO 7
&211& LENGTH: 336
&212& TYPE: DNA

&213& ORGANISM: Homo sapiens

&400& SEQUENCE: 7

cagatcgatt tgaatataac ctgccgcttt gcaggtgtat tccacgtgga gaaaaatggt 60

gcctacagca tctctcggac ggaggccgct gacctctgca aggctttcaa tagcaccttg

cccacaatgg cccagatgga gaaagctctg agcatcggat ttgagacctg caggtatggg

120

180

ttcatagaag ggcatgtggt gattccccgg atccacccca actccatctg tgcagcaaac 240

aacacagggg tgtacatcct cacatacaac acctcccagt atgacacata ttgcttcaat 300

gcttcagctc cacctgaaga agattgtaca tcagtc 336

&210&
&211&
&212&
&213&
&220&
&221&
&222&
&223&

SEQ ID NO 8
LENGTH: 112
TYPE: PRT
ORGANISM: Homo sapiens
FEATURE:
NAME)KEY: PEPTIDE
LOCATION: (1) ..(112)
OTHER INFORMATION: CD44 HABD mutant

&400& SEQUENCE: 8

Gln Ile Asp Leu Asn Met Thr Cys Arg Phe Ala Gly Val Phe His Val
1 5 10 15

Glu Lys Asn Gly Ala Tyr Ser Ile Ser Arg Thr Glu Ala Ala Asp Leu
20 25 30

Cys Lys Ala Phe Asn Ser Thr Leu Pro Thr Met Ala Gln Met Glu Lys
35 40 45

Ala Leu Ser Ile Gly Phe Glu Thr Cys Arg Tyr Gly Phe Ile Glu Gly
50 55 60

His Val Val Ile Pro Arg Ile His Pro Asn Ser Ile Cys Ala Ala Asn
65 70 75 80

Asn Thr Gly Val Tyr Ile Leu Thr Ser Asn Thr Ser Gln Tyr Asp Thr
85 90 95

Tyr Cys Phe Asn Ala Ser Ala Pro Pro Glu Glu Asp Cys Thr Ser Val
100 105 110

&210& SEQ ID NO 9
&211& LENGTH: 336
&212& TYPE: DNA

&213& ORGANISM: homo sapiens

&400& SEQUENCE: 9

cagatcgatt tgaatataac ctgccgcttt gcaggtgtat tccacgtgga gaaaaatggt 60

cgctacagca tctctcggac ggaggccgct gacctctgca aggctttcaa tagcaccttg

cccacaatgg cccagatgga gaaagctctg agcatcggat ttgagacctg cagctctggg

120

180

ttcatagaag ggcatgtggt gattccccgg atccacccca actccatctg tgcagcaaac 240

aacacagggg tgtacatcct cacatacaac acctcccagt atgacacata ttgcttcaat 300

gcttcagctc cacctgaaga agattgtaca tcagtc 336

&210& SEQ ID NO 10
&211& LENGTH: 112
&212& TYPE: PRT
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&213&
&220&
&221&
&222&
&223&

ORGANISM: Homo sapiens
FEATURE:
NAME)KEY: PEPTIDE
LOCATION: (1) ..(112)
OTHER INFORMATION: CD44 HABD mutant

&400& SEQUENCE: 10

Gln Ile Asp Leu Asn Met Thr Cys Arg Phe Ala Gly Val Phe His Val
1 5 10 15

Glu Lys Asn Gly Arg Tyr Ser Ile Ser Arg Thr Glu Ala Ala Asp Leu
20 25 30

Cys Lys Ala Phe Asn Ser Thr Leu Pro Thr Met Ala Gln Met Glu Lys
35 40 45

Ala Leu Ser Ile Gly Phe Glu Thr Cys Ser Ser Gly Phe Ile Glu Gly
50 55 60

His Val Val Ile Pro Arg Ile His Pro Asn Ser Ile Cys Ala Ala Asn
65 70 75 80

Asn Thr Gly Val Tyr Ile Leu Thr Ser Asn Thr Ser Gln Tyr Asp Thr
85 90 95

Tyr Cys Phe Asn Ala Ser Ala Pro Pro Glu Glu Asp Cys Thr Ser Val
100 105 110

&210& SEQ ID NO 11
&211& LENGTH: 336
&212& TYPE: DNA

&213& ORGANISM: Homo sapiens

&400& SEQUENCE: 11

cagatcgatt tgaatataac ctgccgcttt gcaggtgtat tccacgtgga gaaaaatggt 60

gcctacagca tctctcggac ggaggccgct gacctctgca aggctttcaa tagcaccttg

cccacaatgg cccagatgga gaaagctctg agcatcggat ttgagacctg cagctctggg

120

180

ttcatagaag ggcatgtggt gattccccgg atccacccca actccatctg tgcagcaaac 240

aacacagggg tgtacatcct cacatacaac acctcccagt atgacacata ttgcttcaat 300

gcttcagctc cacctgaaga agattgtaca tcagtc 336

&210&
&211&
&212&
&213&
&220&
&221&
&222&
&223&

SEQ ID NO 12
LENGTH: 112
TYPE: PRT
ORGANISM: Homo sapiens
FEATURE:
NAME)KEY: PEPTIDE
LOCATION: (1) ..(112)
OTHER INFORMATION: CD44 3-MUT

&400& SEQUENCE: 12

Gln Ile Asp Leu Asn Met Thr Cys Arg Phe Ala Gly Val Phe His Val
1 5 10 15

Glu Lys Asn Gly Ala Tyr Ser Ile Ser Arg Thr Glu Ala Ala Asp Leu
20 25 30

Cys Lys Ala Phe Asn Ser Thr Leu Pro Thr Met Ala Gln Met Glu Lys
35 40 45

Ala Leu Ser Ile Gly Phe Glu Thr Cys Ser Ser Gly Phe Ile Glu Gly
50 55 60

His Val Val Ile Pro Arg Ile His Pro Asn Ser Ile Cys Ala Ala Asn
65 70 75 80

Asn Thr Gly Val Tyr Ile Leu Thr Ser Asn Thr Ser Gln Tyr Asp Thr
85 90 95

Tyr Cys Phe Asn Ala Ser Ala Pro Pro Glu Glu Asp Cys Thr Ser Val
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100 105 110

&210&
&211&
&212&
&213&
&220&
&223&
&220&
&221&
&222&
&223&

SEQ ID NO 13
LENGTH: 27
TYPE: DNA

ORGANISM: artificial
FEATURE:
OTHER INFORMATION: chemically synthesized
FEATURE:
NAME)KEY: misc feature
LOCATION: (1) ..(27)
OTHER INFORMATION: primer

&400& SEQUENCE: 13

cgcgaattcc agatcgattt gaatatg 27

&210&
&211&
&212&
&213&
&220&
&223&
&220&
&221&
&222&
&223&

SEQ ID NO 14
LENGTH: 27
TYPE: DNA

ORGANISM: artificial
FEATURE:
OTHER INFORMATION: chemically synthesized
FEATURE:
NAME)KEY: CDS
LOCATION: (1) ..(27)
OTHER INFORMATION: primer

&400& SEQUENCE: 14

cgc gag ctc ctt cta aca tgt agt cag
Arg Glu Leu Leu Leu Thr Cys Ser Gln
1 5

27

&210&
&211&
&212&
&213&
&220&
&223&

SEQ ID NO 15
LENGTH: 9
TYPE: PRT
ORGANISM: artificial
FEATURE:
OTHER INFORMATION: Synthetic Construct

&400& SEQUENCE: 15

Arg Glu Leu Leu Leu Thr Cys Ser Gln
1 5

&210&
&211&
&212&
&213&
&220&
&223&
&220&
&221&
&222&
&223&

SEQ ID NO 16
LENGTH: 30
TYPE: DNA

ORGANISM: artificial
FEATURE:
OTHER INFORMATION: chemically synthesized
FEATURE:
NAME)KEY: misc feature
LOCATION: (1) ..(30)
OTHER INFORMATION: primer

&400& SEQUENCE: 16

gagaaaaatg gtgcctacag catctctcgg 30

&210&
&211&
&212&
&213&
&220&
&223&
&220&
&221&
&222&
&220&
&221&
&222&
&223&

SEQ ID NO 17
LENGTH: 29
TYPE: DNA

ORGANISM: artificial
FEATURE:
OTHER INFORMATION: chemically synthesized
FEATURE:
NAME)KEY: misc feature
LOCATION: (1) ..(29)
FEATURE:
NAME)KEY: misc feature
LOCATION: (1) ..(29)
OTHER INFORMATION: primer
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&400& SEQUENCE: 17

agatgctgta ggcaccattt ttctccacg 29

&210&
&211&
&212&
&213&
&220&
&223&
&220&
&221&
&222&
&223&

SEQ ID NO 18
LENGTH: 23
TYPE: DNA

ORGANISM: artificial
FEATURE:
OTHER INFORMATION: chemically synthesized
FEATURE:
NAME)KEY: misc feature
LOCATION: (1) ..(23)
OTHER INFORMATION: primer

&400& SEQUENCE: 18

gacctgcagc tctgggttca tag 23

&210&
&211&
&212&
&213&
&220&
&223&
&220&
&221&
&222&
&223&

SEQ ID NO 19
LENGTH: 23
TYPE: DNA

ORGANISM: artificial
FEATURE:
OTHER INFORMATION: chemically synthesized
FEATURE:
NAME)KEY: misc feature
LOCATION: (1) ..(23)
OTHER INFORMATION: primer

&400& SEQUENCE: 19

atgaacccag agctgcaggt ctc 23

&210&
&211&
&212&
&213&
&220&
&223&
&220&
&221&
&222&
&223&

SEQ ID NO 20
LENGTH: 20
TYPE: DNA

ORGANISM: artificial
FEATURE:
OTHER INFORMATION: chemically synthesized
FEATURE:
NAME)KEY: misc feature
LOCATION: (1) ..(20)
OTHER INFORMATION: primer

&400& SEQUENCE: 20

cagagacaca attcaatata 20

&210&
&211&
&212&
&213&
&220&
&223&
&220&
&221&
&222&
&223&

SEQ ID NO 21
LENGTH: 17
TYPE: DNA

ORGANISM: artificial
FEATURE:
OTHER INFORMATION: chemically synthesized
FEATURE:
NAME)KEY: misc feature
LOCATION: (1) ..(17)
OTHER INFORMATION: primer

&400& SEQUENCE: 21

ttggctcaca tgctttg 17

&210&
&211&
&212&
&213&
&220&
&223&
&220&
&221&
&222&
&223&

SEQ ID NO 22
LENGTH: 20
TYPE: DNA

ORGANISM: artificial
FEATURE:
OTHER INFORMATION: chemically synthesized
FEATURE:
NAME)KEY: misc feature
LOCATION: (1) ..(20)
OTHER INFORMATION: primer
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&400& SEQUENCE: 22

cgcagatcga tttgaacata 20

&210&
&211&
&212&
&213&
&220&
&223&
&220&
&221&
&222&
&223&

SEQ ID NO 23
LENGTH: 19
TYPE: DNA

ORGANISM: artificial
FEATURE:
OTHER INFORMATION: chemically synthesized
FEATURE:
NAME/KEY: misc feature
LOCATION: (1) ..(19)
OTHER INFORMATION: primer

&400& SEQUENCE: 23

ccgatgtaca atcctcttc 19

&210&
&211&
&212&
&213&
&220&
&221&
&222&
&223&

SEQ ID NO 24
LENGTH: 111
TYPE: PRT
ORGANISM: Homo sapiens
FEATURE:
NAME/KEY: PEPTIDE
LOCATION: (1) ..(111)
OTHER INFORMATION: CD44 3MUT

&400& SEQUENCE: 24

Gln Ile Asp Leu Asn Met Thr Cys Arg Phe Ala Gly Val Phe His Val
1 5 10 15

Glu Leu Asn Gly Ala Tyr Ser Ile Ser Arg Thr Glu Ala Ala Asp Leu
20 25 30

Cys Lys Ala Phe Asn Ser Thr Leu Pro Thr Met Ala Gln Met Glu Lys
35 40 45

Ala Leu Ser Ile Gly Phe Glu Thr Cys Ser Ser Gly Phe Ile Glu Gly
50 55 60

His Val Val Ile Pro Arg Ile His Pro Asn Ser Ile Cys Ala Ala Asn
65 70 75 80

Asn Thr Gly Val Tyr Ile Leu Thr Ser Asn Thr Ser Gln Tyr Asp Thr
85 90 95

Tyr Cys Phe Asn Ala Ser Pro Pro Glu Glu Asp Cys Thr Ser Val
100 105 110

What is claimed is:
1.A method for treating states related to the inhibition of

angiogenesis and/or endothelial cell proliferation, the method
consisting the steps of:

a. expressing non-HA binding variant of CD44-hyaluronic
acid binding domain in bacterial cells;

b. purifying the resulting non-glycosylated protein;
c. administering the purified non-glycosylated non-HA-

binding variant of CD44-hyaluronic acid binding
domain (CD44-HABD) to a patient.

2. The method according to claim 1, wherein the non-HA
binding variant of CD44-HABD has an amino acid sequence
selected from the group consisting of SEQ ID NO: 8, SEQ ID
NO:10 and SEQ ID NO:12.

3. The method according to claim 1, wherein the non-HA-
binding variant of CD44-hyaluronic acid binding domain
(CD44-HABD) is further connected to a fusion protein part-
ner part.

4. The method of claim 1, wherein the state to be treated is
selected from the group consisting of ocular diseases causing
blindness or impaired vision, states of chronic inflammation,

psoriasis, atherosclerosis, restenosis, cancer growth and
metastasis, all forms of cancer diseases and tumors and
hemangioma.

50 5. A method to target endothelial cells by providing a
molecule comprising a non-HA binding variant of CD44-
hyaluronic acid binding domain expressed in bacterial cells.

6. The method according to claim 5, wherein the non-HA
binding variant of CD44-HABD has an amino acid sequence
selected from the group consisting of SEQ ID NO: 8, SEQ ID
NO:10 and SEQ ID NO: 12.

7. The method according to claim 6, wherein the molecule
further comprises a moiety having chemotherapeutical and/or

gene therapeutic properties.
60

S.The method ofclaim 1,wherein the mode ofaction ofthe
non-HA-binding variant of CD44-hyaluronic acid binding
domain (CD44-HABD) is independent of hyaluronic acid.

9. The method of claim 5, wherein endothelial cell prolif-
eration is inhibited.

10.The method of claim 1, wherein tumor growth is inhib-
ited.
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11.The method ofclaim 1,wherein effective amount ofthe

non-HA-binding variant of CD44-hyaluronic acid binding
domain is 0.1 -2.5 mg/kg.

12.The method ofclaim 1,wherein the molecule is admin-

istered orally or parentally.

13. The method of claim 1, wherein the bacterial cell is
E.coli.

14. The method of claim 5, wherein the bacterial cell is
E.coli.
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SUMMARY

CD44 protein is principal cell surface receptor for HA. CD44 is involved via its HA
binding property in lymphocyte rolling on endothelial lining of blood vessels. In
tumorigenesis, CD44 high expression in tumor cells contributes to tumor metasta-
sis and associates with worse prognosis in several types of cancer. Nevertheless, in
micrometastases, CD44 expression rather inhibits growth and is being transiently
downregulated. This finding was compatible with tumor angiogenesis paradigm,
stating that tumors cannot growth over 1 mm size in the absence of angiogene-
sis. Therapeutically this can be exploited to control tumor growth. The current
study was undertaken to test hypothesis that CD44 has antiangiogenic function
in tumor microenvironment and that soluble HA binding domain of CD44 can be
used to control pathological angiogenesis and tumor growth. To this end we puri-
fied recombinant CD44 HABD protein and its non-HA binding mutant as control.
We tested CD44 HABD proteins in chick CAM angiogesis model and found that,
indeed, angiogenesis was suppressed in response to CD44-HABD treatment. How-
ever, quite contrary to our original hypothesis, this effect was not dependent on
HA binding property of CD44, as the CD44-protein with the mutated HA binding
site (CD44-3MUT) was equally effective in this assay. Further tests of these pro-
teins effect in tumor xenograft model in mice showed that they were also able to
suppress sc tumor growth and confirmed that such result was not dependent on HA
binding by CD44. Cellular mechanism of antiangiogenic effect by CD44-HABD
and CD44-3MUT is based on inhibition of endothelial cell proliferation. CD44
proteins bind to endothelial cells via direct interaction with cell-surface exposed
intermediate filament protein vimentin and become endocytosed. Soluble CD44
is physiologically present in circulation and its concentration is increased during
inflammatory reactions. In Cd44 knockout mice the response and duration to va-
soactive challenge is significantly increased, suggesting that endothelium is less
restricted when stimulated. The molecular mechanism of this phenomenon is cur-
rently not clear. However, we propose that the physiological role of soluble CD44
might include balancing of endothelial cell responses to stimulation. Whether this
holds true and by which extent this function is mediated by vimentin remains to be
elucidated. Further, we hypothesize that recombinant soluble CD44 specific bind-
ing and endocytosis by endothelial cells regulates plasma membrane dynamics
and/or availability of growth factor receptors, resulting in suppressed endothelial
proliferation and angiogenesis.
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KOKKUVÕTE

CD44 valk on peamine rakupinna hüaluroonhappe retseptor ja sellest lähtuvalt on
üheks tema funktsiooniks võimaldada lümfotsüütide veeremist veresoonte seinal.
CD44-le on iseloomulik geeni kümnest alternatiivsest eksonist pärit valgujärjes-
tuste lisamine rakuvälisesse domeeni. Alternatiivsed eksonid annavad CD44-le
struktuurse ja funktsionaalse mitmekesisuse, selliseid eksoneid sisaldavaid CD44
valke nimetatakse variaabliteks isovormideks. Funktsionaalne mitmekesisus on tin-
gitud alternatiivsetele eksonitele lisatavatest suhkrujääkidest, mis näiteks seovad
kasvufaktoreid ja seeläbi vahendavad kasvufaktorite esitlemist nende retseptoritele
või sisaldavad erilisi suhkrujärjestusi, millele saavad seostuda lümfotsüütide ad-
hesiooniretseptorid selektiinid. CD44 valgu vormi, mis ei sisalda alternatiivseid
eksoneid, nimetatakse standardseks isovormiks. Standardse CD44 valgu rohkus
kasvajarakkude pinnal soodustab kasvaja metastaaside teket ja on mitme vähivormi
puhul seotud haiguse halvema prognoosiga. Siiski, meie varasemad katsetule-
mused näitasid, et mikrometastaasides standardse CD44 ekspressioon pärsitakse
ajutiselt. Seetõttu järeldasime, et mikrometastaasides standardne CD44 pigem
pidurdab nende kasvu. See leid on kooskõlas kasvaja angiogeneesi paradigmaga,
mille kohaselt tahked kasvajad ei saa areneda üle 1 mm suuruse ilma angiogeneesi
ehk veresoonte kasvu initsieerimata. Terapeutiliselt kasutatakse seda ära, et pidur-
dada vähkkasvaja suurenemist ja siirete moodustmist. Käesolev uuring viidi läbi
testimaks hüpoteesi, et CD44 hüaluroonhappe retseptor omab angiogeneesi alla
suruvat toimet kasvaja mikrokeskkonnas ja et rekombinantset CD44 hüaluroon-
hapet siduvat domääni saab kasutada patoloogilise angiogeneesi ja vähi kasvu
pidurdamiseks. Sellel eesmärgil tootsime me rekombinantse CD44-HABD valgu
ja kontrolliks selle hüaluroonhapet mittesiduva mutantse vormi (CD44-3MUT).
Me testisime neid CD44-HABD valke kana embrüo lootemembraani angiogeneesi
katses ja leidsime, et tõepoolest, need valgud surusid angiogeneesi alla. Kuid vas-
tupidiselt meie algsele hüpoteesile ei sõltunud see efekt hüaluroonhappe sidumise
funktsioonist, sest muteeritud hüaluroonhappe sidumiskohaga valk toimis sama
tõhusalt. Edasised katsed nende valkudega kasvaja ksenografti mudelitega hiirtes
näitasid, et nad suutsid pidurdada ka vähi kasvu. Lisaks kinnitasid ka ksenografti
mudeli tulemused, et efekt ei sõltunud hüaluroonhappe sidumise funktsioonist.
Angiogeneesi vastase efekti rakuline mehhanism põhineb arvatavasti endoteeli-
rakkude jagunemise pärssimisel. CD44 valgud seostusid endoteelirakkudele ja en-
dotsüteeriti. Me identifitseerisime valgu, mis vahendab lahustuva CD44 rakkudele

155



seostumist ja endotsütoosi, milleks osutus raku tsütoskeleti vahepealsete filamen-
tide valk vimentiin. Vimentiini olulisusele lahustuvate CD44 valkude rakku sisen-
emisel viitab ka see, et vimentiini knockout hiirtest eraldatud endoteelirakkudel oli
lahustuva CD44 endotsütoos pärsitud. Lisaks on teiste uurimisgruppide poolt näi-
datud, et vimentiin on spetsiifiliselt üles reguleeritud jagunevates vähi veresoontes.
Lahustuv CD44 valk esineb vereringes füsioloogiliselt ning tema hulk veres tõuseb
näiteks krooniliste põletike korral. Cd44 geeni knockout hiirte veresooned vas-
tavad märksa suurema amplituudiga veresooni stimuleerivatele signaalidele, vi-
idates CD44 pidurdavale rollile vaskulaarse aktiivsuse kontrollis. Kokkuvõttes me
oletame, et meie poolt kasutatav rekombinantse lahustuva CD44 seostumine ja
endotsütoos endoteelirakkude poolt mõjutab raku membraanis näiteks veresoonte
kasvufaktorite retseptorite kättesaadavust stimuleerimisele.
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