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Abstract

Vascular endothelial growth factor C (VEGF-C) has angiogenic and lymphangiogenic properties and is associated with the
development of lymphatic metastases in a number of epithelial malignancies. The aim of this study was to determine VEGF-C
protein expression in a series of breast carcinomas and correlate this with axillary lymph node (LN) metastases, the presence of
lympho-vascular invasion (LVI), bone marrow micro-metastases (BMM) and other clinico-pathological data including oestrogen
receptor (ER) and c-erbB2 status. VEGF-C expression was determined by immunohistochemistry (IHC) in 51 tumours. ER and
c-erbB2 were also assessed by IHC. Bone marrow analysis was performed using a combination of immunomagnetic separation and
immunocytochemistry. Overall, 30/51 (59%) of the tumours were positive for VEGF-C. There was no significant correlation
between VEGF-C expression and LN status, LVI, BMM, tumour size, grade or ER status. However, there was an association
between c-erbB2 and VEGF-C expression (P=0.013). The correlation between VEGF-C and c-erbB2 suggests a functional rela-

tionship and may, in part, explain the aggressive phenotype associated with c-erbB2-positive tumours.
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1. Introduction

Angiogenesis is well recognised as an essential process
for tumour growth, invasion and metastatic spread in
many human malignancies [1]. Vascular endothelial
growth factor (VEGF) has been shown to play a major
role in tumour angiogenesis in many studies [2,3]. Its
biological functions are numerous and include vascular
endothelial cell proliferation and migration, increased
vascular permeability and upregulation of anti-apoptotic
factors, urokinase-type serine proteases and matrix
metalloproteinases [2]. Tumour VEGF expression and
micro-vessel density (MVD) are closely related and both
have been shown to be markers of tumour cell dis-
semination, including bone marrow micro-metastases
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(BMM) [4-6]. In breast cancer, a number of studies have
shown tumour VEGF expression to have prognostic
significance, in both node-positive and node-negative
patients [7,8]. However, the role of the more recently dis-
covered related factors, VEGF-B, VEGF-C and VEGF-
D, in human malignancy is less well characterised.

VEGF-C was first identified as a ligand for the tyro-
sine kinase receptor VEGFR-3, which is associated with
the lymphatic vasculature [9]. VEGF-C is also a ligand
for VEGFR-2, which it shares with VEGF-A and
VEGF-D. Structurally, VEGF-C most closely resembles
VEGF-D and shares approximately 30% sequence
homology to the central core of VEGF. Studies have
shown VEGF-C to have both angiogenic and lym-
phangiogenic properties. VEGF-C stimulates endothelial
cell proliferation and migration in vitro, but is less
potent than VEGF [9]. It also increases vascular
permeability. Both these functions appear to be medi-
ated via the VEGFR-2 receptor [9]. In vivo, VEGF-C
stimulates angiogenesis in the rabbit ischaemic hind-
limb model, rabbit cornea assay and early chick chorio-
allantoic membrane [9].
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VEGF-C overexpression in the skin of mice results in
hyperplasia of lymphatic vessels whilst lymphangiogenesis
is stimulated by VEGF-C in the differentiated avian
chorio-allantoic membrane [9]. Recently, the in vivo role of
VEGF-C in tumoral lymphangiogenesis and lymphatic
metastasis has been examined. Breast cancer cells trans-
fected to overexpress VEGF-C and injected into mice
resulted in larger, more vascular tumours with increased
regional lymph node and pulmonary metastases com-
pared with controls [10]. In addition, using the lympha-
tic - specific antibody, LYVE - 1, intratumoral
lymphangiogenesis was demonstrated in the VEGF-C
overexpressing tumours, but not in the control tumours.
Similar findings have been observed in other animal
models [11,12].

A number of studies have investigated the role of
VEGF-C in human malignancy [13-19] and many have
shown a correlation with regional lymph node metastases
and the presence of lympho-vascular invasion (LVI) [13—
17]. Some have also demonstrated an association with
survival [13,15-17]. However, few studies have investi-
gated the role of VEGF-C in human breast cancers.

The aim of this study was to investigate whether
VEGF-C expression in primary human invasive breast
carcinoma correlated with standard clinico-pathological
data and factors relating to angiogenesis and lym-
phangiogenic activity—in particular, axillary lymph
node (LN) status, the presence of lympho-vascular
invasion and c-erbB2 status. In addition, the bone mar-
row was analysed for the presence of tumour cells as an
end marker of tumour angiogenesis to evaluate whether
VEGF-C, like VEGF is associated with tumour cell
dissemination.

2. Patients and methods
2.1. Patients and tissue samples

Fifty-one women with primary invasive breast cancer
who were diagnosed and treated at the City Hospital in
Birmingham between December 1997 and January 1999
were entered into this study. All women underwent sur-
gery in the form of either mastectomy (n=23) or wide
local excision (n=28) plus axillary node dissection
together with intra-operative bone marrow aspiration.
Local ethical committee approval was obtained and
informed, written consent was given by all patients.
Women with a previous history of malignancy were
excluded from the study as a previous primary tumour or
occult recurrent disease could potentially give rise to a
positive bone marrow result unrelated to the breast can-
cer being treated. Other exclusion criteria included neo-
adjuvant chemotherapy or hormonal therapy. The
patients’ age ranged from 30 to 87 years (median of 60
years). Data collected included tumour type, size and

grade, the presence of lympho-vascular invasion and
axillary lymph node status. VEGF-C, c-erbB2 and oes-
trogen receptor (ER) expression were assessed using
immuno-histochemistry (IHC). Bone marrow was ana-
lysed for the presence of circulating tumour cells by a
combined method of immunomagnetic cell separation and
immunocytochemistry.

2.2. Immunohistochemical staining

Sections were cut from formalin-fixed paraffin blocks
containing invasive primary tumour for each case and
immunostaining performed using a standard streptavi-
din—biotin-horseradish peroxidase (HRP) technique.
Sections were deparaffinised in xylene baths then rehy-
drated in alcohol. Endogenous peroxidase was blocked
using hydrogen peroxide and non-specific binding
inhibited with normal swine serum.

e VEGF-C: A rabbit polyclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, USA) that recognises
amino-acids 230419 of the carboxy terminus of human
VEGF-C was used at a 1:125 dilution. Sections were
incubated overnight at 4 °C.

e C-erbB2: A prediluted anti-c-erbB2 rabbit anti-
human antibody was employed (DAKO, UK). Micro-
wave antigen retrieval with 10-mM citrate buffer pH 6.0
was performed. Antibody was applied at room tem-
perature for 10 min.

e ER: Oestrogen receptor status was assessed on the
pre-operative core biopsy where available in the major-
ity of cases. A rabbit anti-human ER antibody was used
(DAKO, UK). Microwave antigen retrieval with 10 mM
citrate buffer pH 6.0 was performed. Antibody was
applied at room temperature for 1 h.

The secondary detection system used for all three
antibodies was DAKO LSAB®2 kit followed by
3-3’-diaminobenzidine for colour development. Slides
were lightly counterstained with haematoxylin. Positive
controls included sections known to express the given
antigen and were included for each staining run as
were negative controls (buffer only for VEGF-C and
ER staining, non-immune rabbit serum for c-erbB2
staining).

The immunohistochemical scoring systems for each
antibody were as follows. Slides were scored by two
independent observers and discordant results reviewed
to reach a consensus. For c-erbB2, staining was scored
on a scale of 0, 1+, 2+ or 3+. Positive c-erbB2
expression was defined by weak/moderate (2+) or
moderate/strong (3+) complete membrane staining in
more than 10% of the tumour cells. Scores of 0 or
1+ were deemed negative for c-erbB2. For the
VEGF-C immunohistochemistry, slides were con-
sidered positive if >10% tumour cells were immu-
noreactive. ER scoring was performed using the
Histo-score system.
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2.3. Bone marrow analysis

Two 5-ml bone marrow aspirates were collected from
each woman from the posterior iliac crest under general
anaesthesia, one just before surgery and the other imme-
diately after surgery. The bone marrow was subjected to
Ficoll-Paque® (Pharmacia Biotech, UK) density gradient
centrifugation. The interphase layer was removed, diluted
in phosphate-buffered saline (PBS) and further cen-
trifuged. The resultant pellet was re-suspended in PBS with
0.1% w/v bovine serum albumin (PBS/BSA). The cell
concentration was determined and diluted to give a final
cell count of 20x 10° cells/ml. Magnetic beads coated with
the anti-epithelial antibody BerEP4 (Dynabeads® Epithe-
lial Enrich, Dynal, UK) were then added to 0.5 ml of cell
suspension and incubated for 30 min at 4 °C. The tube
was then placed in a magnet and the supernatant dis-
carded. The remaining cells attached to the beads were
re-suspended in PBS/BSA and cytospun on to poly-L-
lysine-coated slides. Slides underwent immunocytochem-
istry using the EPIMET Epithelial Cell Detection Kit
(Dynal®, UK) which uses the anti-cytokeratin antibody
A45-B/B3. Slides were screened by two observers for the
presence of tumour cells. Samples were scored positive if
one or more cells were present with intense red cyto-
plasmic staining and the morphology was consistent with
malignant epithelial cells. If either sample (pre-operative
or postoperative) contained tumour cells, the result was
recorded as positive for the purpose of this study [20].

2.4. Statistical analysis

Correlation between VEGF-C expression and clin-
ico-pathological factors was analysed using the Mann—
Whitney U test, Fisher’s exact probability test and
Chi-square test. Statistical analyses were performed
using GraphPad Prism 3.00 for Windows, GraphPad
Software, San Diego, CA, USA. A P value of less than
0.05 was considered statistically significant.

3. Results
3.1. Immunohistochemistry and bone marrow

Overall, 30/51 (59%) of the tumours were positive for
VEGF-C by immunohistochemistry. Generally, there was
diffuse staining of the tumour cell cytoplasm in positive
cases (Fig. 1), but a few tumours exhibited stronger stain-
ing at the invasive edge. In addition, occasional immuno-
positivity was observed in adjacent normal breast tissue,
areas of ductal carcinoma in-situ and in peritumoral
stroma, with some blood vessels exhibiting distinct posi-
tive immuno-reactivity. In 15/51 cases (29%), the tumour
exhibited positive membrane immunoreactivity for
c-erbB2. Bone marrow analysis demonstrated cytoker-
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Fig. 1. Example of immuno-histochemical expression of VEGF-C in
breast carcinoma.

atin-positive tumour cells in 12 cases (24%). The number
of tumour cells per positive sample ranged from 1 to 11
(median 2.5, 95% Confidence Interval (CI) 2.1-4.9).

3.2. Associations with clinico-pathological factors

Correlation between VEGF-C expression and stan-
dard clinico-pathological data, c-erbB2 expression and
bone marrow status are shown in Table 1. No associ-
ation was observed between VEGF-C expression and
the patient’s age, tumour type, ER status and the pres-
ence of axillary lymph node metastases There was no
association between VEGF-C and tumour size using
either categorical data (Table 1) or continuous data
(Mann—Whitney, P=0.93). However, there was a sta-
tistically significant relationship between VEGF-C and
c-erbB2 expression (P=0.012), with 87% of c-erbB2-
positive tumours co-expressing VEGF-C. In addition,
there was a trend for VEGF-C positivity with increasing
tumour grade and the presence of lympho-vascular
invasion, but neither reached statistical significance.

An association between c-erbB2 expression and
tumour type was significant (y? test, P=0.046), with 43%
of ductal tumours, but none of the lobular or special types
being positive. No association was observed between c-
erbB2 expression and tumour size, LN status, LVI or ER
status. There was a strong association between the pre-
sence of BMM and tumour size, with a median tumour
size of 35 (interquartile range: 25.5-67 mm) and 20 mm
(interquartile range: 15-27 mm) for BMM-positive and
-negative groups, respectively (Mann—Whitney U test,
P=0.001). No correlation between BMM and the other
clinico-pathological parameters was observed.

4. Discussion

In this series of breast carcinomas, 59% tumours
expressed VEGF-C protein, as determined by immuno-
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Table 1
Correlation between tumour VEGF-C expression and variables
N VEGF-C (+) VEGF-C (—) P value
Age (median, yrs) 51 59 60 0.922
Tumour size
<2cm 23 (45) 16 (70) 7 (30) 0.81°
>2-<5cm 21 (41) 8 (3%) 13 (62) (x>=10.06)
>5cm 7(14) 6 (86) 1(14)
Grade
1 14 (28) 6 (43) 8 (57) 0.14°
2 18 (35) 11 (61) 7 (39) (x2=2.09)
3 19 (37) 13 (68) 6 (32)
Tumour type
Ductal 30 (59) 19 (63) 11 (37)
Lobular 8 (16) 4 (50) 4 (50) 0.45¢
Mixed 9(17) 6(67) 3 (33) (x?=2.63)
Other 4@ 125 3 (75)
LN status
Negative 27 (53) 16 (59) 11 (41) 14
Positive 24 (47) 14 (58) 10 (42)
LVI
Absent 36 (71) 19 (53) 17 (47) 0.224
Present 15(29) 11 (73) 4 (27)
Oestrogen receptor
Positive 34 (67) 21 (62) 13 (38) 14
Negative 15(29) 9 (60) 6 (40)
NK 2 (4)
c-erbB2
Positive 15(29) 13 (87) 2 (13) 0.0124
Negative 36 (71) 17 (47) 19 (53)
BMM
Positive 12 (24) 6 (50) 6 (50) 0.52¢
Negative 39 (76) 24 (62) 15 (38)

BMM, bone marrow micrometastases; LN, lymph node; LVI, lympho-
vascular invasion; NK, known. % values in parentheses.

4 Mann—Whitney U test.

® Chi square for trend test.

¢ Chi square test.

4 Fisher’s exact test.

histochemistry. Although tumour cell immuno-reactivity
was generally homogeneous throughout most samples,
some did display increased staining at the invasive edge.
This is in keeping with previous studies that have found
VEGF-C is expressed in 40-60% of invasive breast
cancers [21-23]. Increased expression at the invasive
tumour edge has previously been observed [22,23]. A
recent study examining VEGF-C expression in colo-
rectal carcinoma demonstrated VEGF-C expression at
the deepest edge of the tumour was associated with
lymphatic and vascular invasion, the presence of nodal
metastases and survival, whilst no such correlations
existed for expression in the central part of the tumour
[17].

A number of studies have demonstrated an association
between VEGF-C expression and regional nodal metas-
tases in a variety of human malignancies, including

colorectal, gastric and cervical carcinomas [13—17]. We
did not, however, find such an association in our study
of breast carcinomas. Kurebayashi and colleagues
investigated VEGF-C mRNA expression in a series of
20 breast cancers and found a significant association
with axillary nodal metastases [21]. However, three
subsequent studies of breast cancer have failed to
demonstrate any relationship between VEGF-C and
lymph node status [22-24]. Kinoshita and colleagues
suggested that VEGF-C may be responsible for early
events in the process of lymphatic metastasis, particu-
larly as in-situ carcinoma often stained positive for
VEGF-C [23], a finding also observed in our study.
Another explanation for the lack of correlation between
VEGF-C and axillary lymph node spread may be the
technique employed to examine for lymph node meta-
stases. Ohta examined VEGF-C expression in node-
negative lung cancer and found a significant association
between high VEGF-C expression and the presence of
cytokeratin-positive lymph node micro-metastases [25].

We found no significant relationship between VEGF-
C expression and tumour size, tumour grade and ER
status, in keeping with previous reports [22-24]. In
addition, no significant association was observed with
lympho-vascular invasion, although a larger study size
may have confirmed the observed trend. Whilst Gun-
ningham and colleagues found no association with vas-
cular invasion [22], Kinoshita found a positive
correlation between VEGF-C expression and lymphatic
vessel invasion, but not with venous invasion, although
they did not clarify how the vessels were distinguished
[23]. Recently described lymphatic endothelial-specific
markers, such as LYVE-1, should allow differentiation
of vascular from lymphatic vessel invasion in future
studies [26].

Increased tumour VEGF-C expression has been
reported to be associated with a worse prognosis in
breast cancer and other malignancies [13,15-17,23] but
other studies have not found such an association. Sur-
vival data were not examined in our study.

The presence of tumour cells in the bone marrow has
been reported in a variety of human malignancies,
including breast cancer, and a number of studies have
shown BMM to be associated with a worse prognosis
[27,28]. The presence of tumour cells in the bone mar-
row requires a complex series of events including
tumour cell shedding and gaining access to the vascular
system, in which VEGF-induced angiogenesis certainly
plays a critical role [29]. Many studies have demon-
strated the relationship between VEGF expression and
tumour microvessel density (MVD) and a significant
correlation between MVD and the presence of BMM has
been reported in breast cancer [4]. In addition, high
tumour VEGF expression has been shown to be asso-
ciated with the presence of BMM in gastric and non-small
cell lung cancers [5,6]. Since VEGF-C has been shown to
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have angiogenic properties in vitro and in vivo, we investi-
gated whether a similar relationship between BMM and
VEGEF-C existed, but found no such association.

C-erbB2 (HER2/neu) plays an important role in
oncogenic transformation and tumorigenesis. Although
no specific ligand has yet been identified for c-erbB2, it
appears its primary role may be as a co-receptor with
the other erbB receptors. Amplification and/or over-
expression of c-erbB2 occurs in 20-30% of breast can-
cers and is associated with a worse prognosis compared
with c-erbB2-negative tumours [30]. Our study found a
statistically significant association between VEGF-C
and c-erbB2 expression in human breast cancers, con-
firming the recent findings of Yang and colleagues [24].

Despite their structural similarities, the VEGF family
members all have differing regulatory mechanisms.
VEGF-C gene expression is induced by several growth
factors including EGF and pro-inflammatory cytokines,
but unlike VEGF-A, VEGF-C is not regulated by
hypoxia [9]. Increased VEGF expression and angiogen-
esis are associated with the overexpression of c-erbBl
(EGFR) and c-erbB2, whilst specific neutralising anti-
body to either receptor reduced VEGF levels [31].
Recent in vitro studies have shown a regulatory link
between VEGF-C and c-erbB receptors and ligands.
Transforming growth factor o (TGFa), betacellulin and
heregulin-B1 (HRG- B1) upregulate both VEGF-C and
VEGF-A mRNA in head and neck squamous cell car-
cinoma cell lines [32]. HRG- B1, a ligand for c-erbB3
and c-erbB4, has also recently been shown to stimulate
the upregulation of VEGF-C mRNA and protein levels
in breast cancer cell lines. This effect is inhibited by the
addition of the c-erbB2 blocking antibody Herceptin
[33].

Our study provides further evidence for a link
between c-erbB2 and VEGF-C in malignant disease. As
VEGF-C has been shown to increase tumour angiogen-
esis, lymphangiogenesis and nodal metastasis in animal
models, the upregulation of this novel factor by c-erbB2
explains, in part, the aggressive phenotype associated
with c-erbB2-positive tumours.
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