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Although the earliest feature of disseminated disease in breast cancer is regional lymph node involvement, little

is known about the mechanisms whereby cancer cells interact with lymphatic endothelial cells and enter the

lymphatic system. We have previously reported that the extensive presence of retraction clefts in breast

carcinomas highly significantly correlates with lymphatic tumor spread and predicts poor outcome, suggesting

that retraction clefts are not just fixation artifacts, but real potential spaces that are exaggerated by tissue

processing and may reflect an early stage of lymphatic invasion. In this study, we examined the correlation

between the extent of retraction clefts and lymphangiogenesis, as assessed by lymphatic vessel density and

vascular endothelial growth factor-C (VEGF-C) expression in a series of 256 early-stage breast carcinomas. The

presence and extent of retraction clefts around tumor cell nests was determined by review of all hematoxylin-

and eosin-stained tumor sections. Lymphatic vessels were detected by podoplanin immunohistochemistry and

lymphatic vessel density was measured using the hot-spot method. The expression of VEGF-C in the tumor

cells was determined by immunohistochemistry and analyzed semiquantitatively on a four-tiered scale. High

levels of retraction clefts, peritumor lymphatic vessel density and VEGF-C expression at the invasive edge in

breast carcinomas significantly correlated with tumor size, histological grade, lymphatic invasion and nodal

metastasis. Breast carcinomas showing extensive retraction clefts (420% of tumor volume) were found to have

significantly higher lymphatic vessel density and VEGF-C expression levels compared to tumors without this

feature. High retraction clefts, peritumor lymphatic vessel density and VEGF-C expression predicted poor

outcome in breast carcinomas. Our results support the hypothesis that retraction clefts are real potential

spaces that may represent ‘pre-lymphatic spaces’ facilitating initial lymphatic invasion and that growth factors

secreted by the tumor cells may stimulate tumor-associated lymphangiogenesis by promoting the

endothelialization of these ‘pre-lymphatic channels’.
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In most solid tumors, including breast cancer, the
spread of cancer cells via the lymphatics to regional
lymph nodes is an important early event in metas-
tatic disease.1 Nodal metastasis is an important
factor in the staging of breast cancers, an important
prognostic indicator for outcome, and forms the
basis of breast cancer treatment by surgery, adjuvant
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chemotherapy and radiation.1 Despite the major role
for the lymphatics in the spread of cancers, little is
known about the mechanisms whereby tumor
cells enter the lymphatic system2,3 and whether
nodal metastasis is dependent on tumor-induced
lymphangiogenesis or invasion of pre-existing lym-
phatic vessels.2

In recent years, several markers specific for
lymphatic endothelium, including vascular endo-
thelial growth factor receptor-3 (VEGFR-3), the
transmembrane proteins LYVE-1 and podoplanin,
and the transcription factor Prox-1, have been used
to evaluate intratumor lymphatic vessels in solid
tumors, including breast cancer.4–6 Intratumor lym-
phatic endothelial cells were shown to be capable of
proliferation in some types of cancer, suggesting
de novo lymphangiogenesis.4,7 These studies also
showed a correlation between lymphatic vessel
density and nodal metastasis in some tumors,8 but
not in others.7 Nevertheless, the existence of
lymphangiogenesis in breast carcinoma is one of
the most controversial areas in the breast cancer
literature. The significance of the presence and
density of intra- and peritumor lymphatics for the
survival of patients with breast cancer is currently
unknown.

Research during recent years has also provided a
better understanding of the molecular mechanisms
underlying the development and maintenance of
lymphatic vessels, and their role in various patho-
logical conditions.1,9 Two lymphangiogenic growth
factors named vascular endothelial growth factor-C
(VEGF-C) and VEGF-D that signal through VEGFR-3
have been discovered.9 In experimental tumors,
VEGF-C and VEGF-D expression has been shown
to induce lymphangiogenesis and correlate with
lymphatic invasion and lymph node metastasis.10–12

Other studies have also shown that overexpression
of VEGF-C in breast cancer cells increases intra- and
peritumor lymphangiogenesis and induces meta-
static spread.11,13 VEGF-C expression in human
breast cancer was also shown to be strongly
associated with lymph node metastasis and unfa-
vorable prognosis.14,15

We have recently reported that retraction clefts
around tumor cell nests are commonly seen in
invasive ductal (no special type) carcinomas of the
breast.16,17 We have shown that the extent of
retraction clefts correlates significantly with tumor
size and histological grade, and shows a strong
association with lymphatic invasion and nodal
metastases. We have proposed that retraction clefts
seen around tumor cell nests and glands in invasive
ductal carcinomas are likely a morphological reflec-
tion of altered tumor–stromal interactions, which
may contribute to tumor progression and lymphatic
spread observed in these patients.

In this study, we examined whether the presence
and extent of retraction clefts in invasive ductal
carcinomas correlate with lymphangiogenesis as
determined by VEGF-C expression and lymphatic

vessel density, and lymphatic tumor spread in a
large series of human breast carcinomas.

Materials and methods

Clinical Samples and Clinical Data

In all, 256 cases of previously untreated stage pT1
and pT2 primary unilateral invasive breast carcino-
mas were selected from the Surgical Pathology files
of the University of Pennsylvania Medical Center.
Patients were diagnosed between 1 January 1987
and 31 December 1996. All hematoxylin and eosin
(H&E)-stained slides were reviewed and the diag-
noses were confirmed, including histological type
and grade, based on the established criteria.18 The
percentage of invasive carcinoma showing retraction
clefts was estimated independently by two pathol-
ogists (GA and PJZ) based on all available H&E-
stained tumor sections. Tumor cells, glands and
nests surrounded by a clear space without an
endothelial lining, which separated the tumor cells
from the adjacent stroma, were considered as
retraction clefts (Figure 1a).16,17 Tumors were eval-
uated to determine the presence or absence of
lymphatic invasion based on all available tumor
sections. The presence of lymphatic invasion and/or
the lack of a lymphatic endothelial lining associated
with retracted stroma was confirmed in each
case by highlighting the lymphatic vessels using
immunohistochemical stains for podoplanin
(Figures 1b–f).19 Based on the results of prior
studies,16,17 cases having retraction clefts involving
at least 20% of the tumors were considered to show
‘extensive retraction clefts’; this cutoff value also
corresponded to the mean value for all tumors.

The clinicopathological features of the tumors are
summarized in Table 1. Surgical treatment consisted
of partial mastectomy/lumpectomy in 252 patients,
whereas four patients underwent mastectomy.
Axillary sentinel lymph node biopsy and/or complete
axillary lymph node dissection was performed in all
cases; the median number of lymph nodes examined
per case was 15 (range 1–45). Nodal metastasis was
present in 57 (23%) patients; the median number of
positive lymph nodes was 1 (range 1–15). Informa-
tion regarding estrogen (ER) and progesterone (PR)
receptor status was retrieved from the pathology
reports. All patients received postoperative adjuvant
radiation therapy. In total, 95 (37%) patients
received adjuvant chemotherapy and 128 (50%)
patients received hormone therapy in the form of
Tamoxifen. Follow-up of patients was performed on
the basis of information reported in the clinical
histories. We considered as uncensored only records
of patients who died of disease; we considered as
censored records of all patients who were alive at
follow-up or patients who died of a cause not related
to the disease. Study protocols were approved
by the University of Pennsylvania Institutional
Review Board.
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Immunohistochemistry

Immunohistochemical assays were performed on
5-mm-thick formalin-fixed paraffin-embedded sec-
tions. For podoplanin and VEGF-C immunostain-
ing,19 slides were boiled in 1� EDTA (LabVision,
Fremont, CA, USA) or 0.01mol/l sodium citrate
buffer (pH 6.0) for 20min, respectively. Slides were
incubated with the D2-40 (mouse monoclonal, 1:25
dilution; Signet Laboratories, Dedham, MA, USA)
and VEGF-C (rabbit polyclonal, 1:30 dilution;
Zymed Laboratories, South San Francisco, CA,
USA) antibodies for 1h on room temperature.
Immunohistochemical staining was performed on a
DAKOCytomation Autostainer using the EnVisionþ
HRP DAB system (DAKOCytomation, Carpinteria,
CA, USA), according to the manufacturer’s recom-
mendations. A negative control was carried out in
each case by omission of the primary antibody. For

D2-40 and VEGF-C, slides of normal human tonsil
and colonic adenocarcinoma known to show strong
VEGF-C immunoreactivity were used as positive
controls, respectively.

Cytoplasmic VEGF-C immunoreactivity in tumor
cells was evaluated semiquantitatively on a four-
tiered scale. The percentage of weakly, moderately
and strongly staining cells was determined, and a
score was calculated as follows: Score (out of
maximum of 300)¼ sum of 1�percentage of weak,
2�percentage of moderate and 3�percentage of
strong staining.19 As the invasive edge of tumors is
the site where lymphatic invasion is likely to occur,
it was previously suggested that VEGF-C expression
in the marginal portion of tumors may be more
important than in the central area.19,20 Thus, we
evaluated VEGF-C immunoreactivity separately at
the marginal portion (defined as tumor cells located
within 2mm of the external edge) and in the center

Figure 1 (a) Invasive ductal carcinoma showing prominent retraction clefts. The nests and cords of tumor cells are separated from the
surrounding stroma by a clear space without an endothelial lining. (b) Immunohistochemical stain for podoplanin confirms the absence
of an endothelial lining associated with the retraction clefts. (c, d) Intratumor lymphatic vessels (c) are characteristically small and
flattened with a close lumen in contrast with the typically widely open, dilated lymphatics in peritumor regions (d)
(immunohistochemical stains for podoplanin with hematoxylin counterstain). (e, f) Immunohistochemical stain for podoplanin
highlights the presence of lymphatic invasion by tumor cells at the periphery of breast carcinomas (e) and occasionally within the tumor
mass as well (f). (g) Immunohistochemical stain for podoplanin shows diffuse strong reactivity within the stroma of invasive breast
carcinoma. (h) Invasive breast carcinoma showing strong vascular endothelial growth factor-C (VEGF-C) expression. Note the increased
VEGF-C immunoreactivity in the tumor cells compared to the benign duct in the middle.
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(the rest of the tumor) of the tumors. High VEGF-C
expression in the marginal and central portions of
tumors was defined as scores higher than the
respective median value for all tumors.

Intra- and peritumor lymphatic vessel densities
were determined by the hot-spot method as de-
scribed previously.19,21 Briefly, slides were scanned
at low power, and intra- and peritumor areas with
the highest density of podoplanin-positive vessels
were identified. Intratumor lymphatic vessels were
defined as those located within the tumor mass;
most of such lymphatic vessels were present within
the stroma in between tumor cell nests. Peritumor
lymphatic vessels were those located outside of the
tumor mass, but within 2mm from the tumor edge.
Lymphatic vessel density was determined by count-
ing the number of podoplanin-positive vessels in
five high-power (� 200) fields in the selected ‘hot-
spot’ areas, and the mean values of vessel counts
were obtained. High intra- and peritumor lymphatic
vessel density was defined as those higher than the
respective mean value for all tumors.

Podoplanin reactivity in tumor cells and tumor-
associated stroma was evaluated as present or
absent; any level of staining was considered
positive.

Statistical Analysis

Median lymphatic vessel density and VEGF-C im-
munostaining values were compared using the Mann–
Whitney test or the Kruskal–Wallis one-way analysis
of variance by ranks, followed by Dunn’s multiple
comparison test, when appropriate. Corresponding
median intra- and peritumor lymphatic vessel density
and VEGF-C expression values in the marginal and
central portions of tumors were compared using the
Wilcoxon signed-rank test. The correlation between
percent retraction clefts, VEGF-C immunostaining
and lymphatic vessel density values was estimated
using the Spearman test. High vs low immunostaining
and lymphatic vessel density values in carcinomas
were compared using the unpaired t-test and the w2

test, where appropriate. Survival curves were plotted
using the method of Kaplan and Meier and compared
using the log-rank test. A Cox proportional hazards
model was used to assess the effect of tumor variables
on survival. Statistical significance was determined if
the two-sided P-value of a test was o0.05. Computa-
tions were performed using the GraphPad Prism
(Version 5; GraphPad Software, San Diego, CA,
USA) and SYSTAT (Version 10.2; SYSTAT Software,
Richmond, CA, USA) softwares.

Figure 1 Continued.
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Results

Retraction Clefts

Similar to prior results,16,17 variable degree of
retraction clefts was present in 157 of 256 (61%)
invasive carcinomas (Figures 1a and b). The extent
of retraction clefts in invasive tumors ranged from 0
to 90% with a median value of 10% (20.3±1.6;
mean±s.e.m.). As reported previously,16,17 the ex-
tent of retraction clefts showed a statistically highly
significant correlation with tumor size, histological
type and grade (Table 2). Similarly, tumors asso-
ciated with lymphatic invasion and lymph node
metastasis showed significantly higher percentage
of retraction clefts compared to tumors without
these features (Table 2).

Lymphatic Vessel Density

Intratumor lymphatic vessels were present in 116 of
256 (45.1%) cases, whereas peritumor lymphatic

vessels were observed in 249 of 256 (97.3%) cases.
The podoplanin-positive lymph vessels were
unevenly distributed throughout the tumors. The
majority of intratumor lymph vessels were small and
collapsed (Figure 1c). In contrast, lymphatic vessels
located at the invasive edge of tumors were often
enlarged and dilated (Figures 1d and e). As
expected, podoplanin immunostaining also high-
lighted the presence of lymphatic invasion, usually
present at the periphery of tumors (Figure 1e). Less
frequently, tumor cell emboli were also highlighted
within intratumor lymphatic vessels as well
(Figure 1f). Interestingly, in occasional cases, we
identified partial podoplanin immunoreactivity asso-
ciated with retraction clefts surrounding tumor cell
nests, suggestive of partial endothelialization of the
space surrounding the tumor cells (Figure 2). Although
we found a significant positive correlation between the
numbers of intra- and peritumor lymphatic vessels
(r¼ 0.4808, Po0.0001, Spearman test; Figure 3a),
peritumor lymphatic vessel density (5.64±0.28,
mean±s.e.m.) was significantly higher compared to

Table 1 Summary of clinicopathological features (n¼256)

Age (years)
Median 56
Mean 56.7

Tumor size (cm)
Median 1.4
Mean 1.51

pT stage (%)
IA 19 (7)
IB 68 (27)
IC 120 (47)
II 49 (19)

Tumor type (%)
Ductal 214 (84)
Mixed 18 (7)
Lobular 24 (9)

Tumor grade (%)
Low 63 (25)
Intermediate 106 (41)
High 87 (34)

Lymphatic invasion (%)
Absent 157 (61)
Present 99 (39)

Lymph node metastasis (%)
Absent 195 (76)
Present 61 (24)

Subsequent distant metastasis (%)
Absent 224 (88)
Present 32 (12)

ER status (%)
Positive 179 (70)
Negative 77 (30)

PR status (%)
Positive 143 (56)
Negative 113 (44)

ER, estrogen receptor; PR, progesterone receptor.

Table 2 Correlation of the extent of retraction clefts in invasive
breast carcinomas with clinicopathological tumor features

N Percent retraction clefts P-valuea

Median Mean±s.e.m.

Age (years)
o50 81 15 22.2±2.9 0.1378
Z50 175 5 19.3±2.0

Type
Ductal 214 10 23.5±1.9 o0.0001
Mixed 18 0 6.7±2.1
Lobular 24 0 4.7±4.4

Grade
Low 62 0 3.8±1.5 o0.0001
Intermediate 107 10 20.4±2.4
High 87 25 31.8±3.0

pT stage
IA 19 0 8.2±4.7 o0.0001
IB 68 0 11.3±2.4
IC 120 17.5 23.8±2.4
II 49 20 28.8±4.3

Lymphatic invasion
Absent 157 0 8.1±1.3 o0.0001
Present 99 30 39.5±2.6

Lymph node metastasis
Absent 195 5 14.9±1.6 o0.0001
Present 61 30 38.1±3.7

ER status
Positive 179 5 20.1±2.0 0.5816
Negative 77 10 20.0±2.9

PR status
Positive 143 5 19.9±2.2 0.6949
Negative 113 10 20.8±2.5

ER, estrogen receptor; PR, progesterone receptor.
a
Kruskal–Wallis or Mann–Whitney test.
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intratumor lymphatic vessel density (0.86±0.11,
mean±s.e.m.) in the corresponding tumors
(Po0.0001, Wilcoxon signed-rank test; Figure 3b).

The correlation of intra- and peritumor lymphatic
vessel density with clinicopathological tumor fea-
tures is summarized in Table 3 and Figures 3c–f. A
significant positive association was seen between
high intratumor lymphatic vessel density and
histological grade, tumor size (pT stage), lymphatic
invasion, nodal metastasis and ER status. Tumors of
patients o50 years old showed significantly higher
peritumor lymphatic vessel density compared with
those of women 50 years of age or older. High
peritumor lymphatic vessel density showed a
statistically highly significant positive correlation
with histological grade, tumor size, the presence of
lymphatic invasion and nodal metastasis and lack of
ER expression.

VEGF-C Expression

Immunohistochemical expression of VEGF-C was
heterogeneous within the cancers; however, all but
19 tumors (93%) showed at least focal weak VEGF-C

immunoreactivity (Figure 1h). Although a positive
correlation was seen between the levels of VEGF-C
immunoreactivity in the tumor centers and periph-
eral areas (r¼ 0.9910, Po0.0001, Spearman test;
Figure 4a), the expression levels of VEGF-C were
significantly higher at the infiltrating edge of
cancers (median score of 100, mean±s.e.m.:
105.9±5.3) compared to the central regions (median
30, mean±s.e.m.: 51.0±3.9, Po0.0001, Wilcoxon
signed-rank test; Figure 4b). Tumor cell groups
within lymphatic spaces usually showed strong
VEGF-C immunoreactivity (not shown).

The correlation of VEGF-C expression in the
central area and infiltrating edge of breast carcino-
mas with clinicopathological tumor features is
summarized in Table 4 and Figures 4c–f. A sig-
nificant positive association was seen between high
VEGF-C immunoreactivity in the central portion of
tumors and histological grade and the presence of
lymphatic invasion. Tumors of patients o50 years
old showed significantly higher VEGF-C immuno-
reactivity at the infiltrating edge compared with
those of women 50 years of age or older. High VEGF-
C expression at the infiltrating edge of breast
carcinomas showed a statistically highly significant
positive correlation with histological grade and the
presence of lymphatic invasion, whereas the posi-
tive association with histological tumor type, tumor
size (pT stage) and the presence of nodal metastasis
was less strong.

Podoplanin Expression in Tumor Cells and Tumor
Stroma

Podoplanin expression, ranging from focal weak to
diffuse moderate cytoplasmic staining, was ob-
served in the tumor cells in 5 of 256 (2%) invasive
breast carcinomas. All five tumors were ductal (no
special type) carcinomas of intermediate or high
histological grade. None of the five tumors was
associated with lymphatic invasion or nodal metas-
tasis. Podoplanin expression in tumor associated
stroma was present in 136 (53%) cases, ranging from
focal weak to diffuse strong staining (Figure 1g). No
immunoreactivity was observed in the stroma of
benign breast tissue. The correlation between stro-
mal podoplanin expression and clinicopathological
tumor features in invasive breast carcinomas is
summarized in Table 5. Stromal podoplanin expres-
sion showed a significant association with histolo-
gical type, histological grade, tumor size (pT stage),
presence of lymphatic invasion, ER status, extent of
retraction clefts, intra- and peritumor lymphatic
vessel density and VEGF-C expression both in the
central portion and at the infiltrative edge of tumors.

Correlation Among Retraction Clefts, Lymphatic
Vessel Density and VEGF-C Expression

We found a statistically significant positive correla-
tion between the extent of retraction clefts in the

Figure 2 Partial immunostaining for podoplanin in association
with retraction clefts surrounding clusters of tumor cells, sugges-
tive of partial endothelialization of the ‘pre-lymphatic spaces’.
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tumors and intratumor (r¼ 0.1739, P¼ 0.0053,
Spearman test, not shown) and peritumor
(r¼ 0.3545, Po0.0001, Spearman test; Figure 3g)
lymphatic vessel density, and VEGF-C expression at
the central portion (r¼ 0.4776, Po0.0001, Spearman
test, not shown) and invasive edge of carcinomas
(r¼ 0.5102, Po0.0001, Spearman test; Figure 4g).

Invasive breast carcinomas showing extensive re-
traction clefts were associated with significantly
higher intra- and peritumor lymphatic vessel den-
sity and showed significantly higher VEGF-C ex-
pression both at the central areas and at the
infiltrating edge (Tables 3 and 4 and Figures 3h
and 4h).
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We found no correlation between VEGF-C expres-
sion levels in the central regions and intratumor
(r¼ 0.2150, P¼ 0.0604, Spearman test, not shown)
or peritumor (r¼ 0.1692, P¼ 0.1413, Spearman test,
not shown) lymphatic vessel density. In contrast,
a highly significant positive correlation was found
between VEGF-C expression at the infiltrating
edge of tumors and both intratumor (r¼ 0.3388,
Po0.0001, Spearman test) and peritumor
(r¼ 0.6500, Po0.0001, Spearman test) lymphatic
vessel density.

Survival Analysis

During the follow-up interval, tumor recurrence was
observed in 36 (14%) cases, and 27 (10.5%) patients

died of disease. The median time to death for the
uncensored subgroup was 68.3 (range 10.1–198.0)
months, whereas the median follow-up of censored
patients was 99.6 (range 3.9–210.4) months. The
median time to tumor recurrence was 50.2 (range
4.8–155.4) months. In univariate analysis, histologi-
cal grade (Po0.0001), tumor size (pT stage,
P¼ 0.010), presence of lymphatic invasion
(Po0.0001), lymph node metastasis (P¼ 0.005),
extensive retraction clefts (Po0.0001), intratumor
lymphatic vessel density (P¼ 0.002), peritumor
lymphatic vessel density (Po0.0001), VEGF-C ex-
pression at the infiltrating edge (Po0.0001) and PR
expression (P¼ 0.034) showed significant associa-
tion with recurrence-free survival (Figures 5a, c
and e). Histological grade (Po0.0001), tumor size
(pT stage, P¼ 0.002), presence of lymphatic invasion

Table 3 Correlation of intra- and peritumoral lymphatic vessel density in invasive breast carcinomas with clinicopathological tumor
features

N Intratumoral lymphatic vessel density Peritumoral lymphatic vessel density

Median Mean±s.e.m. P-valuea Median Mean±s.e.m. P-valuea

Age (years)
o50 81 0 0.95±0.18 0.5915 6.2 6.85±0.54 0.0061
Z50 175 0 0.82±0.13 3.8 5.08±0.32

Type
Ductal 214 0 0.95±0.12 0.8727 4.6 5.90±0.32 0.0984
Mixed 18 0 0.38±0.16 2.4 3.26±0.56
Lobular 24 0 0.66±0.22 3.7 4.95±0.79

Grade
Low 63 0 0.35±0.14 o0.0001 2.25 3.30±0.41 o0.0001
Intermediate 106 0 0.52±0.12 4.1 5.02±0.38
High 87 0.6 1.66±0.24 8.4 8.08±0.53

pT stage
IA 19 0 0.12±0.06 o0.0001 3.0 3.88±0.84 o0.0001
IB 68 0 0.52±0.17 2.4 3.86±0.49
IC 120 0.2 1.13±0.19 6.1 6.57±0.43
II 49 0.2 0.91±0.17 6.0 6.60±0.63

Extent of retraction clefts
Low 157 0 0.59±0.10 0.0026 3.4 4.17±0.28 o0.0001
High 99 0.2 1.30±0.22 8.0 7.96±0.50

Lymphatic invasion
Absent 157 0 0.51±0.09 o0.0001 3.0 3.81±0.26 o0.0001
Present 99 0.4 1.43±0.23 9.0 8.54±0.48

Lymph node metastasis
Absent 195 0 0.73±0.10 0.0158 3.8 4.94±0.30 o0.0001
Present 61 0.4 1.40±0.32 8.8 8.33±0.65

ER status
Positive 179 0 0.60±0.10 0.0014 3.8 5.06±0.31 0.0059
Negative 77 0.2 1.46±0.26 5.6 6.93±0.57

PR status
Positive 143 0 0.68±0.14 0.1073 3.8 5.09±0.37 0.0153
Negative 113 0 1.10±0.16 5.0 6.33±0.43

ER, estrogen receptor; PR, progesterone receptor.
a
Kruskal–Wallis or Mann–Whitney test.
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(Po0.0001), lymph node metastasis (P¼ 0.031),
extensive retraction clefts (Po0.0001), PR expres-
sion (P¼ 0.005), peritumor lymphatic vessel density
(P¼ 0.003), intratumor lymphatic vessel density
(P¼ 0.02) and VEGF-C expression at the infiltrating

edge of tumors (P¼ 0.001) were associated with poor
overall survival (Figures 5b, d and f). In a subgroup
analysis, interestingly, recurrence-free and overall
survival of patients whose tumors were not asso-
ciated with lymphatic invasion, but showed high
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Figure 4 (a) There is a significant positive correlation between immunohistochemical expression of vascular endothelial growth factor-C
(VEGF-C) in the center and peripheral portions of invasive breast carcinomas (r¼0.9910, Po0.0001, Spearman test). The dotted line
represents the calculated regression line. (b) Comparison of the levels of VEGF-C expression at the central and peripheral portions of
invasive breast carcinomas as detected by immunohistochemistry. (c–f) Comparison of VEGF-C immunohistochemical expression levels
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retraction clefts (n¼ 21), was significantly worse
than those with no lymphatic invasion and low
retraction clefts (n¼ 136, P¼ 0.0065 and 0.0230,
respectively), and similar to those whose tumors
were associated with overt lymphatic invasion
(n¼ 99, P¼ 0.3912 and 0.5234, respectively) (Fig-
ures 5g and h).

For stepwise logistic regression, we included in
the models tumor size, histological grade, lymphatic
invasion, nodal metastasis and ER and PR status.
Retraction clefts, lymphatic vessel density and
VEGF-C expression were included in the model as
binominal (low vs high) variants. Backward elim-
ination for Cox regression led to a model with four
independent terms predictive of overall survival
(lymph node metastasis, P¼ 0.006; extensive retrac-
tion clefts, P¼ 0.008; histological grade, P¼ 0.068;
and tumor size, P¼ 0.07), and three independent
terms predictive of recurrence-free survival (lymph

node metastasis, P¼ 0.008, extensive retraction
clefts, P¼ 0.009 and histological grade, P¼ 0.057).

Discussion

The main findings of this study are that the
extensive presence of retraction clefts in early-stage
invasive ductal carcinomas of the breast highly
significantly correlates with lymphangiogenesis (as
measured by lymphatic vessel density and VEGF-C
expression) and lymphatic tumor spread (lymphatic
invasion and nodal metastasis) and predicts a poor
outcome. Our results also suggest that the clinical
and prognostic significance of extensive retraction
clefts is likely similar to those of overt lymphatic
invasion and that retraction clefts may in fact
represent an early stage of lymphatic invasion.
However, it is important to note that in our cohort,

Table 4 Correlation of VEGF-C expression in invasive breast carcinomas with clinicopathological tumor features

N VEGF-C expression in tumor center VEGF-C expression at infiltrating edge

Median Mean±s.e.m. P-valuea Median Mean±s.e.m. P-valuea

Age (years)
o50 81 75 89.6±15.0 1.000 100 125.3±9.9 0.0185
Z50 175 80 93.9±12.2 80 96.8±6.2

Type
Ductal 214 80 91.8±9.7 0.9583 100 111.3±5.8 0.0150
Mixed 18 80 73.6±8.7 40 51.8±9.6
Lobular 24 80 94.6±22.4 50 96.3±19.1

Grade
Low 63 0 25.1±4.5 0.0003 45 48.7±7.3 o0.0001
Intermediate 106 40 55.9±6.2 80 87.1±7.2
High 87 50 64.9±7.9 90 109.2±9.6

pT stage
IA 19 0 22.9±9.8 0.1243 0 40.3±13.5 0.0489
IB 68 35 55.6±8.3 70 86.6±9.8
IC 120 40 51.1±5.4 80 88.3±7.1
II 49 35 55.4±10.3 80 89.9±12.2

Extent of retraction clefts
Low 157 50 50.2±7.5 o0.0001 60 58.4±4.8 o0.0001
High 99 130 140.3±14.8 120 127.1±8.8

Lymphatic invasion
Absent 157 20 40.8±4.2 0.0065 60 66.4±5.4 o0.0001
Present 99 50 67.1±7.6 100 113.2±8.8

Lymph node metastasis
Absent 195 30 46.6±4.0 0.2821 60 76.6±5.2 0.0211
Present 61 40 67.6±11.1 80 112.7±12.8

ER status
Positive 179 60 90.4±12.4 0.5085 80 100.6±6.2 0.1848
Negative 77 80 95.7±14.6 100 117.8±10.2

PR status
Positive 143 65 92.3±13.6 0.7231 70 96.9±6.9 0.0573
Negative 113 80 92.4±13.2 100 117.3±8.1

ER, estrogen receptor; PR, progesterone receptor; VEGF, vascular endothelial growth factor.
a
Kruskal–Wallis or Mann–Whitney test.
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the patients were not treated uniformly with regard
to chemo- and hormonal therapy and validation of
our findings with regard to the outcome in a cohort
of patients treated uniformly would be important.

Tumor-associated lymphatic vessels are consid-
ered as the main route for tumor cell spread to
axillary lymph nodes22 and lymphatic invasion by
tumor cells is thought to be a prerequisite for
dissemination via the lymphatic system. However,
there has been considerable debate in the literature
as to whether tumors can induce lymphangiogen-
esis, whether lymphatic invasion requires newly
formed lymphatic channels or tumor cells invade
pre-existing lymphatic vessels and whether lympha-
tic invasion require active intravasation by tumor
cells through the walls of lymphatic ves-
sels.1,4,6,10,11,22–25 It has recently been shown that
the growth of new lymphatic vessels is controlled by
VEGF-C and VEGF-D and their receptor, VEGFR-3.1,9

In experimental breast cancer models, the over-
expression of VEGF-C was shown to strongly
promote the growth of tumor-associated lymphatic
vessels and enhance the spread of breast cancer cells
to regional lymph nodes, indicating that these
vessels can indeed serve as a conduit for lymphatic
dissemination.11–13 Although the significance of
lymphatic vessel density is still unclear, it was
proposed that tumor cells exposed to more lympha-
tic vessels are more likely to spread to lymph nodes
and to distant sites.21

Similar to previous studies,6,26 we found that the
presence of intratumor lymphatic vessels could be
demonstrated in almost 50% of invasive breast
carcinomas; however, the number of peritumor
lymphatic vessels was significantly higher. As
previously described in cervical and other can-
cers,5,19 intratumor lymphatic vessels were charac-
teristically small and flattened with a close lumen in
contrast with the typically widely open, dilated
lymphatics in peritumor regions. Although lympha-
tic invasion by tumor cells was rarely seen within
the tumor mass, it was usually much more promi-
nent involving the dilated peritumor lymphatic
vessels. Our results also suggest that high peritumor
lymphatic vessel density shows a stronger associa-
tion with aggressive tumor features compared to
intratumor lymphatic vessel density, and it appears
to be a highly significant factor predicting poor
overall and recurrence-free survival in our cohort of
patients. High peritumor lymphatic vessel density
was also associated with the presence of nodal
metastases and aggressive behavior in several, but
not all, other studies as well.6,19,24,27,28

Similar to prior reports,15 we detected VEGF-C
expression in 93% of invasive breast carcinomas in
our current series. We found that VEGF-C immuno-
reactivity was increased at the periphery of breast
cancers consistent with the upregulation of VEGF-C
expression at the invasive edge of the tumors as
previously reported in breast, cervix and pancreatic
carcinomas.19,20,24 Despite the abundance of data

Table 5 Correlation of podoplanin immunoreactivity in tumor
stroma of invasive breast carcinomas with clinicopathological
tumor features

D2-40 immunostaining
in tumor stroma

P-value

Present Absent

Age (years)
o50 49 32 0.1383a

Z50 87 88

Type
Ductal 123 91 0.0066a

Mixed 5 13
Lobular 8 16

Grade
Low 23 39 o0.0001a

Intermediate 39 68
High 74 13

pT stage
1A 5 14 0.0072a

1B 29 39
1C 73 47
2 29 20

Lymphatic invasion
Absent 74 83 0.0204a

Present 62 37

Lymph node metastasis
Absent 101 96 0.3006a

Present 35 24

ER status
Positive 80 97 0.0001a

Negative 56 23

PR status
Positive 73 70 0.5284a

Negative 63 50

Extent of retraction clefts (%)
Median 20 0 o0.0001b

Mean±s.e.m. 26.1±2.3 14.2±2.2

Intratumor lymphatic vessel density
Median 0.2 0 0.0002b

Mean±s.e.m. 1.24±0.18 0.44±0.09

Peritumor lymphatic vessel density
Median 6.4 3.4 o0.0001b

Mean±s.e.m. 6.8±0.4 4.3±0.3

VEGF-C at tumor center
Median 50 20 0.0015b

Mean±s.e.m. 61.5±5.8 39.0±5.2

VEGF-C at infiltrating edge
Median 85 50 o0.0001b

Mean±s.e.m. 103.2±7.1 63.3±6.3

ER, estrogen receptor; PR, progesterone receptor; VEGF, vascular
endothelial growth factor.
aw2 test.
b
Kruskal–Wallis or Mann–Whitney test.

Retraction clefts in breast cancer

G Acs et al 173

Modern Pathology (2012) 25, 163–177



from animal tumor models showing that the
VEGF-C/VEGF-D/VEGFR-3 axis promotes tumor-
associated lymphangiogenesis and metastatic
spread,10,11 this relationship is less conspicuous in

human tumors where there is as yet little evidence
for direct lymphangiogenesis. In recent years, a
number of clinical studies have reported VEGF-C
expression in human tumors and illustrated a

Figure 5 Kaplan–Meier recurrence-free (a, c, e, g) and disease-free (b, d, f, h) survival curves in invasive breast carcinomas stratified for
low vs high levels of retraction clefts (a, b), low vs high peritumor lymphatic vessel density (c, d), low vs high vascular endothelial
growth factor-C (VEGF-C) expression at the invasive edge of tumors (e, f) and low levels of retractions clefts and no lymphatic invasion vs
high levels of retraction clefts and no lymphatic invasion vs the presence of lymphatic invasion (g, h) seen in the tumors. (g, h) Invasive
breast carcinomas showing low levels of retraction clefts and no lymphatic invasion were associated with significantly better recurrence-
free and overall survival compared to carcinomas showing high levels of retractions clefts and no lymphatic invasion (P¼0.0065 and
0.023, respectively, Mantel–Cox log-rank test) and those showing overt lymphatic invasion (Po0.0001 and 0.0003, respectively, Mantel–
Cox log-rank test). No difference in recurrence-free or overall survival was seen between invasive breast carcinomas showing high levels
of retractions clefts and no lymphatic invasion vs those showing overt lymphatic invasion (P¼ 0.3912 and 0.5234, respectively, Mantel–
Cox log-rank test).
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significant association between VEGF-C levels of
primary tumors and lymph node metastasis.11,29 Our
results suggest that there is a strong correlation
between VEGF-C expression at the periphery of
breast carcinomas and peritumor lymphatic vessel
density, suggesting that the invasive edge of breast
cancers may play a more important role in inducing
tumor-associated lymphangiogenesis compared to
the rest of the tumors. Recently, others have also
demonstrated an association between VEGF-C ex-
pression and increased lymphatic vessel density in
clinical samples of invasive breast carcinomas.15,30,31

In our cohort of invasive breast cancer patients, high
VEGF-C expression at the invasive edge, but not the
central portions of tumors correlated with poor
overall and recurrence-free survival. In recent
studies of breast, pancreatic and cervix carcinomas,
high VEGF-C expression at the invasive edge of the
tumors was also associated with lymphatic invasion
and nodal metastases.19,20,29

As we have reported previously,16,17 we found that
the presence of extensive retraction clefts in inva-
sive breast carcinomas strongly correlated with
lymphatic tumor spread and poor outcome. We have
previously proposed that retraction clefts seen
around tumor cell nests and glands in invasive
breast carcinomas is likely a morphological reflec-
tion of altered tumor–stromal interactions, which
may contribute to tumor progression and metastasis
observed clinically in these patients. Although
currently most investigators consider tumor-asso-
ciated peritumor lymphatic vessels to be pre-exist-
ing vessels, Barsky and Alpaugh32,33 have postulated
that tumor cell spheroids (tumor cell emboli) may
induce the formation of a lymphatic channel around
themselves. It is currently accepted that tumor–
stroma interactions play a significant role in tumor
development and progression, and alterations in the
stromal microenvironment, such as enhanced vas-
culature, modified extracellular matrix composition,
inflammatory cells and unbalanced protease activ-
ity, are essential regulatory factors of tumor growth
and invasion.34 Data also indicate that tumor cells
can regulate the development of a ‘tumor stroma’ via
the aberrant expression of growth factors or induc-
tion of growth factor receptors in the stromal
component, whereas upon its induction, the tumor
stroma will reciprocally influence the tumor cells
contributing to the maintenance of a malignant
phenotype.34

Hartveit35 has previously proposed that the breast
stroma contains a ‘hidden’ lymphatic system,
formed by attenuated cells that may give origin to
stromal channels connected to the lymphatics. It
was also suggested that there may be a relationship
between these ‘pre-lymphatic channels’ and the
spaces seen in pseudoangiomatous stromal hyper-
plasia, which, similar to retraction clefts, are
apparent on frozen sections and are considered to
represent real spaces as opposed to an artifactual
phenomenon by several investigators.36,37 Damiani

et al.36 have described malignant neoplasms in the
breast that appeared to spread through the spaces of
pseudoangiomatous stromal hyperplasia supporting
the view that these spaces are real, likely represent
the ‘pre-lymphatic channels’ of Hartveit and sug-
gested that they may represent a previously un-
recognized pathway of tumor spread. Given the
observed association of the extensive presence of
retraction clefts with lymphangiogenesis, as mea-
sured by lymphatic vessel density and VEGF-C
expression, and lymphatic tumor spread, we pro-
pose that retraction clefts are real spaces, likely
related to the ‘pre-lymphatic channels’ of Hartveit,35

which may represent an early stage of lymphatic
invasion. Growth factors secreted by the tumors
cells (especially at the invasive edge of cancers) may
stimulate tumor-associated lymphangiogenesis by
promoting the endothelialization of these ‘pre-
lymphatic channels’. This hypothesis also appears
to be supported by the occasional presence of
partially formed endothelial lining, as detected by
podoplanin immunostaining, in association with
retraction clefts surrounding tumor cell nests,
suggestive of an early stage of lymphatic invasion
(Figure 2). In addition, this hypothesis is further
supported by our finding of the apparent similar
prognostic significance of extensive retraction clefts
and overt lymphatic invasion in breast cancers.
Others have also suggested that retraction clefts may
in fact be an early stage of lymphatic invasion,
where the conversion of mesenchymal cells to
endothelial cells has not yet been completed.33

We found podoplanin expression in the tumor-
associated stroma in 53% of invasive breast carci-
nomas in our series, in contrast to lack of expression
in the stroma of benign breast tissue. Podoplanin
expression has also been observed in fibroblasts
during chronic inflammation,38 and Kawase et al.39

found podoplanin expression within tumor stroma
in 30.5% of invasive adenocarcinomas of the lung,
but not in any non-invasive bronchioalveolar carci-
nomas. In their study, podoplanin expression in
tumor stroma significantly correlated with several
aggressive tumor features, including larger tumor
size, nodal involvement, advanced stage, poor
differentiation, vascular and pleural invasion, and
predicted shorter survival time. Similarly, we also
found that podoplanin expression in tumor stroma
of invasive breast carcinomas significantly corre-
lates with aggressive tumor features, such as high
histological grade, presence of lymphatic invasion,
lack of ER expression and more advanced stage.
Interestingly, stromal podoplanin expression also
showed a significant correlation with the extent of
retraction clefts, high lymphatic vessel density and
VEGF-C expression in the tumors.

Fibroblasts recruited into cancer tissue, called
cancer-associated fibroblasts, can produce collagens
and extracellular matrix proteins in response to
several extracellular stimuli and influence cancer
cell progression.40 Podoplanin expression on cancer
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cells was previously shown to play a role in platelet
aggregation and to promote tumor cell adhesion to
vascular endothelium, extravasation, metastasis and
malignant progression.41,42 Our findings suggest that
podoplanin may be a biological marker of active
fibroblasts and cancer-associated fibroblasts expres-
sing podoplanin may contribute to the progression
and aggressive behavior of breast carcinomas.

In summary, our results suggest that the presence
of extensive retraction clefts in breast carcinomas
highly significantly correlates with lymphangiogen-
esis (as determined by lymphatic vessel density and
VEGF-C expression), lymphatic tumor spread and
poor outcome. Further, our results are consistent
with the hypothesis that retraction clefts are real
spaces, which may represent an early stage of
lymphatic invasion and that growth factors secreted
by the tumor cells may stimulate tumor associated
lymphangiogenesis by promoting the endotheliali-
zation of these ‘pre-lymphatic channels’.
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