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Background: Association studies have implicated the glycosaminoglycan hyaluronan (hyaluronic acid, HA) and its degrading
enzymes the hyaluronidases in tumour progression and metastasis. Oligosaccharides of degraded HA have been ascribed a
number of biological functions that are not exerted by high-molecular-weight HA (HMW-HA). However, whether these small
HA oligosaccharides (sHA) have a role in tumour progression currently remains uncertain due to an inability to analyse their
concentration in tumours.

Methods: We report a novel method to determine the concentration of sHA ranging from 6 to 25 disaccharides in tumour
interstitial fluid (TIF). Levels of sHA were measured in TIF from experimental rat tumours and human colorectal tumours.

Results:While the majority of HA in TIF is HMW-HA, concentrations of sHA up to 6 mgml� 1 were detected in a subset of tumours,
but not in interstitial fluid from healthy tissues. In a cohort of 72 colorectal cancer patients we found that increased sHA
concentrations in TIF are associated with lymphatic vessel invasion by tumour cells and the formation of lymph node metastasis.

Conclusions: These data document for the first time the pathophysiological concentration of sHA in tumours, and provide
evidence of a role for sHA in tumour progression.

Hyaluronan (hyaluronic acid, HA) is an unbranched polysacchar-
ide composed of up to 25 000 disaccharide units of glucuronic
acid and N-acetylglucosamine. It is synthesised by three different
membrane-bound HA synthases, extruded directly into the
extracellular space and comprises an important component of
the extracellular matrix (Itano et al, 1999a). In a variety of
carcinomas, HA accumulates in the tumour stroma and on the
surface of malignant cells. High HA levels correlate with poorly
differentiated tumours and shorter patient survival (Ropponen

et al, 1998; Setälä et al, 1999; Anttila et al, 2000; Auvinen et al,
2000; Lokeshwar et al, 2001; Pirinen et al, 2001; Posey et al, 2003).
HA production by tumours has been suggested to increase
proliferation, promote tumour cell invasion and epithelial–
mesenchymal transition, and stimulate vessel growth and the
recruitment of stromal cells (Kosaki et al, 1999; Itano et al, 1999b;
Jacobson et al, 2002; Koyama et al, 2007, 2008; Sironen et al, 2011).
Nevertheless, accumulation of HA can decrease tumourigenic
potential (Zhang et al, 1995; Enegd et al, 2002; Itano et al, 2004;
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Bharadwaj et al, 2009) and confer resistance to cancer (Tian et al,
2013). Moreover, expression of HA-degrading enzymes,
the hyaluronidases, also correlates with tumour progression
(Posey et al, 2003; Ekici et al, 2004; Stern, 2005; Udabage et al,
2005; Simpson and Lokeshwar, 2008). As the concurrent expres-
sion of HA-synthesising and -degrading enzymes in tumours
provides the strongest stimulus for tumour growth and metastasis
formation (Enegd et al, 2002; Simpson, 2006; Bharadwaj et al,
2009), enhanced turnover of accumulated HA therefore appears to
be central to the contribution of HA to these processes.

Physiologically, HA is turned over continuously (Laurent and
Fraser, 1992), in a process in which initial intermediate-sized
fragments produced extracellularly are internalised and further
degraded (Stern, 2003). Extracellular HA degradation is effected by
secreted or membrane-bound hyaluronidases, and by reactive
oxygen species (Soltés et al, 2006; Stern et al, 2007). Although HA
fragments are normally rapidly cleared, increased synthesis and
breakdown of HA in the tumour context could potentially lead to
the accumulation of small HA oligosaccharides (sHA) in the
interstitial fluid (Stern et al, 2007), usually defined as HA of 4–25
disaccharides. In experimental systems, sHA has wide-ranging
biological activities that are not exerted by high-molecular-weight
HA (HMW-HA; Stern et al, 2006). For example, while HMW-HA
is not angiogenic, sHA is a potent inducer of angiogenesis in vitro
and in vivo (West et al, 1985; Matou-Nasri et al, 2009; Gao et al,
2010). Furthermore, sHA can promote migration and invasion of
tumour cells, for example, by increasing the expression of matrix
metalloproteases and cytokines, and by inducing proteolytic
cleavage of CD44 (Sugahara et al, 2003; Fieber et al, 2004;
Voelcker et al, 2008). Thus, tumour interstitial fluid (TIF) is an
appropriate compartment within which to measure pathophysio-
logically relevant sHA concentrations.

Despite the possible accumulation of sHA in tumours and its
potential to affect tumour growth and progression, few studies
have investigated the presence of sHA in the tumour context.
Fragmented HA has been found in prostate and mammary tumour
extracts, in urine from bladder cancer patients, in serum from renal
cancer patients and in saliva from head and neck cancer patients
(Kumar et al, 1989; Lokeshwar et al, 1997, 2001; Franzmann et al,
2003; Koyama et al, 2007). These studies were limited to individual
tumour samples, and the size and concentration of sHA was not
addressed. Thus, a functional role for sHA in the tumour context
in vivo remains largely speculative.

A robust method for isolating TIF has recently been established
(Wiig et al, 2003). By extending this method, we describe here an
assay for the differential quantification of total HA and sHA in
TIF. While all TIF samples contained HA, only a proportion of
TIFs contained detectable levels of sHA. These concentrations
reached up to 6mgml� 1, at which biological effects are exerted
(West et al, 1985; Koyama et al, 2007; Matou-Nasri et al, 2009).
Prospective studies with human colorectal tumours showed that
high sHA concentrations in TIF correlate with lymphatic vessel
invasion and lymph node metastasis. Together, these results
suggest that sHA can accumulate in TIF and foster tumour
progression.

MATERIALS AND METHODS

Preparation of hyaluronan oligosaccharides. Ultrapure HMW-
HA (Healon 5) from Amo (Ettlingen, Germany) was dissolved at
5mgml� 1 in 0.3 M sodium phosphate buffer (pH 5.3), sonified,
then enzymatically digested with 200Uml� 1 bovine testis
hyaluronidase (Sigma-Aldrich, Taufkirchen, Germany) for 6 h at
37 1C. The resulting fragments were separated on a Bio Gel P10
column (3.5� 115 cm) (BioRad, München, Germany) and 3ml

fractions were collected. Hyaluronic acid concentrations in the
fractions were determined by measuring the absorbance at 210 nm
with reference to standards, or using an HA ELISA-like assay
(Echelon, Salt Lake City, UT, USA). Fluorophore-assisted carbo-
hydrate electrophoresis (FACE) analysis of ANDS-labelled frag-
ments was performed as described (Termeer et al, 2000).
Hyaluronic acid fragments of defined size (Oligo HA6, Sigma-
Aldrich) served as reference standards. Hyaluronic acid with a
molecular weight of 25–75 kDa (intermediate-sized HA) and
Streptomyces hyaluronidase were from Sigma.

Cell lines and tumour cell injection. The cultivation, derivation
and tumour morphology of the rat tumour cell lines used in this
study (BSp73-1AS, BSp73-10AS and BSp73-ASML (pancreatic
carcinomas), NM-081, MT-450 and MTLy (mammary adenocar-
cinomas), AT3.1 and MatLu (prostate adenocarcinomas), NID2
(neu-transformed Schwannoma), and BDX2 (fibrosarcoma)) has
been described previously (Nestl et al, 2001; Krishnan et al, 2003).
BSp73-1AS, NM-081 and BDX2 are non-metastatic, whereas the
other cell lines are metastatic to varying degrees in syngeneic
animals (Nestl et al, 2001; Krishnan et al, 2003). Tumour cells
(1� 106 in PBS) were injected subcutaneously into the appropriate
syngeneic rat strain. Animals were killed when tumours reached
the legal size limit of 5 cm in one direction or when the animals
became moribund. Excised tumours were immediately processed
on ice or snap-frozen. All animal experiments were approved
by the local regulatory authorities.

Production of TIF and tumour lysates. Interstitial fluid was
prepared as described (Wiig et al, 2003). Briefly, tissue samples
were cut into small pieces, placed in a 40-mM nylon cell strainer
(BD biosciences, Heidelberg, Germany) on top of a 50-ml
centrifuge tube (Greiner Bio-One, Frickenhausen, Germany), and
centrifuged at 400 g for 1 hour at 4 1C. To separate sHA from
HMW-HA, interstitial fluid was centrifuged through Amicon
Ultracentrifugal Filters with a molecular weight cutoff (MWCO) of
10 kDa (Millipore, Billerica, MA, USA). For tumour lysate
preparation, tumour samples were homogenised in lysis buffer
(30mM Tris (pH 7.5), 150mM NaCl, 5mM EDTA, 0.5% NP40 and
protease inhibitors) and clarified by centrifugation.

Patient tumour samples. Primary tumours excised from
cancer patients being treated at Universitätsmedizin Mannheim
or St Vincentiuskliniken Karlsruhe were used in this study.
The procedures were approved by the ethics committee at the
Universitätsmedizin Mannheim (2013-840R-MA) and carried out
in accordance with the Helsinki Declaration. Samples were either
snap-frozen or processed immediately for TIF isolation. The
presence of lymph node metastases and invasion into lymphatic
vessels was documented by a qualified pathologist (AD) as part of
routine pathological analysis.

RESULTS

A method for the detection and quantification of sHA in
TIF. To determine the pathophysiological concentration of sHA
in tumours, we established a method for the quantification of sHA
in TIF (Figure 1). In this method, TIF is collected using established
methods (Wiig et al, 2003), then the sHA in the TIF is separated
from higher-molecular-weight HA using ultracentrifugal filters.
Subsequently, the concentration of sHA in the flow-through is
analysed by an ELISA-like assay that employs a HA-binding
protein.

First, we determined the appropriate ultracentrifugal filter to
use. We calculated that ultracentrifugal filters with a MWCO of
10 kDa should allow sHA of 25 HA disaccharides or smaller to pass
through. To verify this, we partially digested HMW-HA with
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hyaluronidase to produce a mixture of HA oligosaccharides
differing in length by one repeat disaccharide (Figure 2A, lane 1).
Centrifugation of this HA digest through the ultracentrifugal
filters and subsequent FACE analysis of the flow-through
confirmed that the majority of HA fragments present in the

filtrate are 25 disaccharides in length or less, with only very low
quantities of fragments larger than 25 disaccharides passing
through the filter (Figure 2A).

The ELISA-like assay detects both HMW-HA and a mixture of
sHA fragments (Figure 2B). To determine whether sHA size affects
the linearity of the assay, we collected sHA fragments of specific
chain length by fractionating a partial hyaluronidase HA digest
using size-exclusion chromatography. Equimolar concentrations of
HA fragments of defined size were then analysed using the ELISA-
like assay. As shown in Figure 2C, the ELISA-like assay can detect
HA fragments of six or more disaccharides in a linear manner.

In further control experiments with ultracentrifugal filtration
of intermediate-sized HA (25–75 kDa), no HA was found in the
filtrate but was fully recovered from the retentate (Supplementary
Figure 1). These data confirm the size selectivity of the
ultracentrifugal filters, demonstrate that the centrifugation process
does not degrade HA into oligosaccharides, and show that the filter
does not retain HA. Thus, the amount of HA in both the filtrate
and the retentate can be accurately quantified. The method
depicted in Figure 1 therefore allows quantification of sHA
fragments of 6–25 disaccharides.

TIF from experimental tumours contains HMW-HA and
variable amounts of sHA. To determine the amount of HA in
TIF, we first analysed TIF isolated from freshly excised rat tumours
for total HA as well as sHA content (Figure 3A). Total
HA concentrations were highly variable and ranged from 40 to
800 mgml� 1. In some TIF samples we could also detect sHA,
although at much lower concentrations than total HA levels
(Figure 3A). This suggests that most of the HA in TIF is above
25 disaccharides in length, but that accumulation of sHA can
occur in some tumours. To assess variability in the presence and
concentration of sHA, we examined 10 different syngeneic rat
tumour models. In each case, TIF taken from multiple tumour-
bearing animals was analysed (Figure 3B). In each tumour model
in which sHA could be detected, sHA was consistently present in
TIF from all animals. This suggests that sHA levels in TIF are
determined by the specific properties of the tumour.

As HA is continuously produced and degraded physiologically
(Laurent and Fraser, 1992), we investigated whether the accumula-
tion of sHA is specific for interstitial fluid from tumours, or is also
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Figure 1. Schematic overview of the method for isolating and
quantifying sHA from TIF. Small tumour pieces are placed in a 40-mM
nylon cell strainer and TIF is collected by low-speed centrifugation.
Ultracentrifugal filters are used to separate sHA smaller than 10 kDa in
the TIF from larger HA molecules. The total HA concentration in TIF or
the sHA concentration in the ultracentrifugation filtrate is determined
by the HA ELISA-like assay.
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Figure 2. Characterisation of the ultracentrifugal filters and the HA ELISA-like assay used for determining sHA concentrations in TIF. (A) A digest
of HMW-HA containing a mixture of HA fragments was prepared (HA digest) and centrifuged through a 10 kDa MWCO ultracentrifugal filter
(10 kDa). Fluorophore-assisted Carbohydrate electrophoresis analysis was used to detect the HA fragments before and after centrifugation.
Purified HA fragments of defined size (13–15 disaccharides) were used as reference standards. The numbers on the right of the figure indicate the
length of the indicated HA oligosaccharides. Ds: disaccharides. (B) A digest of HMW-HA containing a mixture of HA fragments was prepared and
centrifuged through a 10-kDa MWCO ultracentrifugal filter (sHA mix). The HA ELISA-like assay was used to quantify the concentration of the sHA
mix in comparison to an equivalent amount of undigested HMW-HA. (C) Hyaluronic acid fragments of defined size were purified from a HA digest
using size-exclusion chromatography. Equivalent molarities (250 nM) of HA fragments of defined length were analysed using the HA ELISA-like
assay. The apparent concentration of the samples as measured in the ELISA-like assay is presented. The size of the HA oligosaccharides measured
is indicated in disaccharides. Buffer served as a control.
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found in interstitial fluid from organs or sera from healthy rats
(Figure 3C). In all samples analysed, sHA levels were very low.
Substantial total HA levels were observed, albeit at lower
concentrations compared with those in TIF.

To confirm the specificity of the ELISA-like assay, we incubated
MT-450 and MTLy TIF with Streptomyces hyaluronidase. Subse-
quently sHA levels measured by the ELISA-like assay were
dramatically reduced in the TIF samples (Supplementary
Figure 2A). To investigate whether components in TIF interfere
with sHA detection in the ELISA-like assay, a defined amount
of purified sHA was added to MatLu TIF that contains
low endogenous sHA levels. Equivalent sHA concentrations
in the TIF containing exogenously added sHA compared with
the purified input sHA control were observed (Supplementary
Figure 2B), demonstrating that sHA levels can be measured
reliably in TIF.

To rule out the possibility that sHA is produced artificially
during TIF workup in vitro, we added HMW-HA exogenously to
1AS, 10AS and ASML tumours, then prepared TIF and determined
sHA levels (Supplementary Figure 2C). Compared with the signal
obtained with the input HMW-HA, the sHA levels in the TIF from
the HMW-HA-supplemented tumours were much lower, and
similar to the endogenous levels observed in the TIF from these
tumours (Figure 3B), indicating the sHA is not produced due to
degradation of HMW-HA during TIF production.

Lysis of tumour samples released intracellular sHA
(Supplementary Figure 2D), raising the possibility that sHA in
TIF may be derived from intracellular sources due to limited cell
lysis. However, this is unlikely for a number of reasons. Tracer
experiments indicate that the method we employed produces TIF
that contains fluids derived exclusively from the extracellular space
and not from intracellular sources (Wiig et al, 2003). Furthermore,
we found that TIF from many tumour samples did not contain
sHA (Figure 3B), suggesting that cell lysis and release of sHA is not
an integral feature of the TIF preparation method, underscoring
the notion that cell lysis contributes little if any to the sHA found
in TIF.

Next, we characterised the molecular size distribution of HA
degradation products in TIF. As FACE analysis was not possible
due to impurities in TIF, we performed size-exclusion chromato-
graphy of TIF from MTLy and MT-450 rat tumours with
subsequent analysis of HA size and concentration in the fractions.
TIF from both tumour types contained sHA oligosaccharides of
different sizes (Figure 4). In MTLy TIF, most sHA was larger than
13 disaccharides, whereas most of the sHA in MT-450 TIF was
present in four peaks representing sHA fragments of six to nine
disaccharides. FACE analysis of selected chromatography fractions
confirmed the size of HA oligosaccharides in specific fractions
(Supplementary Figure 3).

Levels of sHA in TIF from human colorectal tumours correlate
with lymphatic vessel invasion and lymph node metastasis. To
investigate whether human tumours also contain sHA, we isolated
TIF from fresh primary tumour samples obtained from patients
suffering from a variety of cancer types. Similar to the case with the
rat tumours, we found HA in all TIFs analysed. A subset of TIFs
also contained sHA, albeit at much lower concentrations than the
total HA, with sHA concentrations up to 6 mgml� 1 being detected
(Figure 5A and B).

Retrospective studies would be facilitated if frozen archived
human tumour material could be used reliably for the isolation of
TIF and the sHA therein. First, we compared the sHA content of
TIF prepared from fresh and snap-frozen samples taken from the
identical experimental tumour. For MT-450 and MTLy tumours it
was equivalent (Figure 5C). TIF from BDX2 and NM-081 tumours
prepared by both methods contained very low sHA concentrations.
We then analysed frozen human tumours. While HA was present
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Figure 3. Assessment of total HA and sHA levels in TIF from syngeneic
rat tumours and normal tissues. (A, B) TIF was isolated by low-speed
centrifugation from the indicated freshly excised rat tumours. For
separation of sHA from HMW-HA, TIF was centrifuged through 10-kDa
MWCO ultracentrifugal filters. Using the HA ELISA-like assay the
concentration of total HA was measured in the TIFs, and the
concentration of sHA was measured in the ultracentrifugation filtrates.
(A) The mean of total HA and sHA concentrations for three independent
tumours for each of the indicated tumour models is shown together with
the SE. (B) sHA concentrations in a panel of rat tumour models. Between
7 and 10 independent tumour-bearing animals were analysed for each
tumour model. Each data point represents the sHA concentration in the
TIF from one tumour. Bars represent the mean of all data from one group.
(C) Assessment of physiological total HA and sHA levels in interstitial fluid
of rat organs and in rat sera. Interstitial fluid was isolated from the
indicated freshly excised rat organs. To separate sHA from HMW-HA,
the interstitial fluid or sera were centrifuged through 10-kDa MWCO
ultracentrifugal filters. The concentration of total HA in the interstitial fluid
or sera, as well as the concentration of sHA in the ultracentrifugation
filtrates was measured using the HA ELISA-like assay. The mean of total
HA and sHA concentrations for six independent samples for each organ
or sera is shown together with the SE.
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in the TIF from all tumours, a subset of samples contained sHA
concentrations up to 4.5 mgml� 1 (Figure 5D), comparable to those
obtained with fresh material. These data suggest that sHA can be
reliably measured in TIF from frozen tumour samples.

Concentrations of sHA above 500 ngml� 1 have been implicated
in a number of processes that contribute to tumour growth and
dissemination. In prospective studies, we therefore compared sHA
concentrations in TIF from 72 colorectal cancer patients with
clinicopathological factors. The characteristics of the cohort used
are detailed in Supplementary Table 1. Concentrations of sHA of
4500 ngml� 1 were found in B20% of tumours, but did not
correlate with tumour size, histological grade, or blood vessel
invasion (data not shown). However, patients whose TIF contained
4500 ngml� 1 sHA had a statistically significant higher incidence
of lymph node metastasis (Figure 6A and C). Consistently,
invasion of tumour cells into the lymphatic vessels (Figure 6B)
was observed more frequently in a statistically significant manner
in tumours from patients whose TIF contained sHA concentra-
tions above 500 ngml� 1 (Figure 6D).

DISCUSSION

Although sHA has the potential to influence tumour growth and
progression, and HA degradation products have been detected in
individual tumours (Kumar et al, 1989; Lokeshwar et al, 2001;
Franzmann et al, 2003; Koyama et al, 2007), the pathophysiological
concentration of sHA in the tumour microenvironment has not
been determined. Here we describe a novel method for determin-
ing the concentration of HA fragments ranging from 6 to 25
disaccharides in TIF. While most HA present in TIF was above
25 disaccharides in size, concentrations of sHA up to 6 mgml� 1

were found in a subset of tumours. In prospective studies we found
that colorectal cancer patients with sHA levels above 500 ngml� 1

in their TIF are more likely to have lymph node metastases and
lymphatic vessel invasion, suggesting that pathophysiological
concentrations of sHA might contribute to tumour progression.

The association between enhanced sHA levels in TIF, tumour
cell invasion into the lymphatic vessels and lymph node metastasis
formation may speak for a functional role for sHA in tumour
progression. The concentrations of sHA we found in some TIFs
exert a number of relevant biological effects. For example, sHA can
increase the expression or activity of certain matrix metallopro-
teases, and in some studies this effect was observed at the sHA
concentrations found in TIF (David-Raoudi et al, 2008; Matou-
Nasri et al, 2009). It has also been suggested to be an autocrine
motility factor (Saito et al, 2011). Furthermore, sHA can influence
angiogenesis (Simpson and Lokeshwar, 2008). The angiogenic
effects of sHA are limited to oligosaccharides of 4–25 disaccharides
in length (West et al, 1985), with sHA concentrations
of 0.5mgml� 1 promoting migration and tubule formation of
endothelial cells in vitro (West and Kumar, 1989; Lokeshwar and
Selzer, 2000; Matou-Nasri et al, 2009). In vivo, sHA can stimulate
neovascularisation in matrigel plug assays. The strongest effect was
observed at 1mgml� 1, while concentrations of X50 mgml� 1

inhibited angiogenesis (Koyama et al, 2007). Pro-tumourigenic
effects of HA oligosaccharides in the sHA range have also been
reported. For example, a 12-disaccharide HA fragment injected
intratumourally promoted growth of experimental tumours (Dang
et al, 2013). Hyaluronan of 18 disaccharides in length promoted
cleavage of CD44 and migration of cancer cells, while inter-
mediate-sized HA fragments of 436 kDa (90 disaccharides in
length) did not (Sugahara et al, 2003). Thus, the size and
concentration of sHA we found in some TIF samples are clearly
in the pro-angiogenic and pro-tumourigenic range. Given the
association between sHA levels, lymphatic invasion and lymph
node metastasis we report here, future work will explore the
effects of sHA on lymphangiogenesis. As tumour-induced
lymphangiogenesis can promote metastasis to lymph nodes
(Sleeman et al, 2009), such a mechanism may also help to explain
the association we report here between sHA levels and the
incidence of lymph node metastases in human colorectal cancer
patients.

Molecularly, several cell surface receptors have been implicated
in mediating the biological activities of sHA, all of which bind
to both sHA and HA fragments larger than 25 disaccharides
in length. CD44, the main cell surface HA receptor, binds to HA of
six disaccharides and longer (Lesley et al, 2000), and mediates
sHA-induced activation of signalling pathways in endothelial cells
(Slevin et al, 2007; Matou-Nasri et al, 2009). Another HA receptor,
RHAMM, has a similar role in sHA-induced signal transduction in
endothelial cells (Lokeshwar and Selzer, 2000) and angiogenesis
(Gao et al, 2008). Toll-like receptors such as TLR-4 have also been
shown to transduce sHA signalling, for example, in dendritic cells
(Termeer et al, 2002) and endothelial cells (Taylor et al, 2004).
Crosstalk between these sHA receptors has also been reported
(Bourguignon et al, 2011).
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The molecular basis for the size-specific functional differences
between sHA and larger HA molecules remains to be elucidated.
The definition of the critical functional size of HA oligosaccharides
(sHA), and low-, intermediate- and high-molecular-weight HA in
the literature is arbitrary and poorly defined, but is nevertheless
pivotal if size-specific functional differences between these
differently sized HA molecules are to be understood. Here we
have defined sHA as 6–25 disaccharides in length due to the
parameters defined by our experimental system, which corre-
sponds to the size range that promotes angiogenesis (West et al,
1985). Nevertheless, HA fragments larger than 25 disaccharides
have also been reported to exert different biological effects
compared with HMW-HA, for example, in promoting tumour
cell motility (Jiang et al, 2011). Importantly, we note that
monovalent binding of HA by CD44 is observed in the range of
6–18 disaccharides (Lesley et al, 2000), and this is likely to be
decisive for sHA-specific functions. Thus size-specific functional
differences may be accounted for by the fact that HMW-HA
induces CD44 clustering due to multivalent binding, which can be
attenuated by sHA (Yang et al, 2012). Accordingly, sHA can

interfere with the HMW-HA-dependent co-receptor function
of CD44 in the context of angiogenesis (Fuchs et al, 2013). On
the other hand, sialylation of CD44 inhibits its ability to bind to
HA through a mechanism thought to involve steric hinderance due
to the negative charge on HA molecules (Jackson, 2009).
Conceivably, sHA may be able to circumvent such steric
hinderance due to its small size, which could potentially provide
an alternative explanation for the size-dependent effects of HA.

The process that leads to the generation and accumulation of
sHA remains uncertain. Currently, we cannot distinguish whether
the sHA that accumulates in TIF results from degradation of
HMW-HA, or from synthesis of low-molecular-weight HA.
However, the properties of the HA synthases (Itano et al, 1999a)
suggest that sHA likely accumulates due to degradation of HMW-
HA. The small size of sHA means it will be rapidly cleared, in turn
requiring relatively large amounts of HMW-HA as a prerequisite
for the accumulation of sHA in tumours. Accordingly, enhanced
concomitant synthesis and degradation of HA in tumours has the
most pronounced effect on tumour growth and metastasis (Enegd
et al, 2002; Simpson, 2006; Bharadwaj et al, 2009). Consistently, we
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found that HMW-HA was found in all TIF samples analysed, while
sHA—when detectable—was present at much lower concentra-
tions. Furthermore, we observed lower total HA levels in interstitial
fluid from normal tissues, and no significant levels of sHA.

The catabolism of HA is poorly understood (Stern, 2008).
Free radicals have the potential to depolymerise HA (Soltés et al,
2006; Stern et al, 2007), but may act indirectly in vivo (Monzon
et al, 2010), and the degree to which they might contribute to the
production of sHA in tumours is uncertain. Several hyaluronidases
can be expressed in tumours (Lokeshwar et al, 2001; Posey et al,
2003; Ekici et al, 2004; Paiva et al, 2005; Udabage et al, 2005; Tan
et al, 2011). Of these, the extracellular location and enzymatic
properties of Hyal-1 (Frost et al, 1997; Harada and Takahashi,
2007) would be consistent with a role in the production of sHA.
Interestingly, Hyal-1 is expressed in prostate tumours that contain
HA oligosaccharides (Lokeshwar et al, 2001), and its expression
has been associated with poor prognosis for a number of types of
cancer (Ekici et al, 2004; Poola et al, 2008; Gomez et al, 2009;
Kramer et al, 2010). Furthermore, ectopic expression of Hyal-1
promoted lymph node metastasis (Patel et al, 2002; Kovar et al,
2006; Bharadwaj et al, 2009), while inhibition of Hyal-1 activity in
a prostate cancer model reduced tumour growth and angiogenesis
(Benitez et al, 2011). Nevertheless, direct evidence for
the involvement of Hyal-1 in the local degradation of HA and
accumulation of sHA is lacking.

In addition to the tumour context, sHA can accumulate in other
pathological conditions. Accumulation of HA has been observed in
fluids collected from injured tissues, such as bleomycin-injured
lungs and experimental wounds (Savani et al, 2000; Taylor et al,
2004), and breakdown of HA has been reported after tissue injury
(Chajara et al, 2000; Al’Qteishat et al, 2006) and during
inflammation (Campo et al, 2012). An inflammatory micro-
environment is often an important component of tumours
(Grivennikov et al, 2010), and may therefore contribute to HA
degradation and accumulation of sHA in the context of tumours.
Furthermore, as sHA has pro-inflammatory and immuno-
stimulatory properties (Termeer et al, 2000, 2002; Taylor et al,
2004; David-Raoudi et al, 2008), sHA may influence wound
healing and inflammatory processes, in addition to contributing to
the inflammatory status of tumours. In future work we plan to use
the method described here to study the significance and function of
sHA in the context of tissue damage and inflammation.

Determination of sHA levels in TIF may have prognostic value.
Notably, high sHA concentrations in TIF from colorectal cancer
patients correlated with the presence of lymph node metastases
and lymphatic vessel invasion, two important prognostic factors
for colorectal cancer (Minsky et al, 1989; Leong et al, 2007; Lin
et al, 2010). In further work we will follow up these patients to
determine whether sHA levels predict survival. The analysis of
sHA levels in archived frozen tumour material will also allow sHA
levels to be correlated with patient survival in retrospective studies.
For prostate and bladder cancer, we note that the measurement of
total HA levels and hyaluronidase activity in urine is reported to be
a sensitive and accurate marker for diagnosis and prognosis
(Lokeshwar et al, 1996; Pham et al, 1997; Ekici et al, 2004; Simpson
and Lokeshwar, 2008). Measuring sHA levels in TIF has
advantages over these parameters and may thus improve sensitivity
and accuracy, because the effector molecules are measured directly
in the context in which they can exert biological activity.

In summary, the novel assay for measuring sHA levels in
interstitial fluid we describe here has allowed us for the first time to
determine pathophysiologically relevant sHA concentrations in the
tumour context. These levels correlate with lymphatic vessel
invasion and lymph node metastasis, providing a rationale for
further studies to investigate whether sHA has a functional role in
tumour progression, and whether the evaluation of sHA in
TIF might have prognostic value.
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Figure 6. Correlation between sHA concentrations in TIF from human
cancer patients, and the presence of regional lymph node metastases
and lymphatic vessel invasion. Tumour interstitial fluid (TIF) was isolated
from 72 human colorectal tumours immediately following surgical removal.
Ultracentrifugation filtrates were prepared and the sHA concentration was
determined using the HA ELISA-like assay. The presence of lymph node
metastases was evaluated using the TNM staging system, where the
staging N0 indicated no presence of metastases in the regional lymph
nodes, and patients with N1a, N1b, N2a and N2b had lymph node
metastases. (A) Box-plot comparing the distribution of sHA concentrations
in TIF from patients with and without lymph node metastases. The lower
boundary of the box indicates the 25th percentile, the upper boundary of
the box indicates the 75th percentile. The line within the box represents
the median and the dot within the box indicates the mean. Whiskers above
and below the boxes indicate the 90th and 10th percentile. Dots lying
outside the whiskers represent the maximum and minimum of sHA levels
detected. (B) Representative haematoxylin and eosin-stained tumour
section showing the invasion of tumour cells into lymphatic vessels.
Tumour cell clusters (arrows) are present inside lymphatic vascular spaces
lined by endothelial cells (arrowhead). (C, D) Patients were classified as
having either high and low sHA concentrations in their primary tumours
(cutoff 500ngml� 1 sHA), and then grouped according to whether or not
lymph node metastasis (C) or lymphatic vessel invasion (D) was present.
Statistical analysis using Fisher’s test shows that both lymph node
metastasis and lymphatic vessel invasion correlates significantly with the
presence of high sHA concentrations (P¼0.0211 (C) and P¼ 0.0093 (D)).
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