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Abstract

Angiogenesis, the formation of blood vessels, is necessary for a tumor to grow, but when
angiogenesis first appears in the progression of breast ductal carcinomas is unknown. To
determine when this occurs, the authors examined microvessel density (MVD) by CD31 and
CD105 immunostaining in normal ducts, 32 cases of usual hyperplasia, 19 cases of atypical
hyperplasia, and 29 cases of ductal carcinoma in situ (DCIS). Simple hyperplasia had a 22-fold
greater MVD than normal ducts (P< .0001). An increase during the progression of ductal changes
was highly significant (£<.0001). To determine a possible mechanism, immunohistochemistry
for vascular endothelial growth factor (VEGF) was evaluated. VEGF staining intensity of ductal
epithelium increased during the progression from normal to hyperplastic to DCIS. This study
shows that the first significant increase in angiogenesis occurs very early in the evolution of ductal
proliferations as ductal cells become hyperplastic.
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Introduction

There is abundant evidence that angiogenesis is a key step in the progression of cancer. New
vessels allow nutrients and oxygen to nourish a tumor after it has outgrown its existing
blood supply and provide metastatic tumor cells additional access into the vasculature.1-4
Evidence in support of this concept is that breast cancers with greater microvessel density
(MVD) are more likely to be metastatic.2> At some time in the progression of a tumor, the
phenotype will switch from a normal vascular pattern (nonangiogenic) to an angiogenic one.
This process of vessel induction is known as the angiogenic switch.16 In the progression of
ductal carcinomas of the breast, the histological pattern in which angiogenesis is first
apparent is unknown. By morphology, the apparent sequence of progression of ductal breast
malignancies is normal to usual hyperplasia to atypical ductal hyperplasia (ADH) to low-
grade ductal carcinoma in situ (DCIS) to high-grade or comedo DCIS to invasive ductal
adenocarcinoma—although molecular studies suggest more complexity in this evolution.’
Many investigators have shown that angiogenesis clearly begins at the DCIS stage®-18 or
earlier.911.12.19 The presence of a signal in DCIS using contrast-enhanced MRI has been
attributed to DCIS-associated angiogenesis.20 Similarly, we had noted increased signal
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intensity by contrast-enhanced MRI, a radiographic marker of angiogenesis,2! in regions of
the breast showing ADH by histological analysis.22

To determine where in the progression sequence of ductal neoplasia angiogenesis first
occurs, we examined markers of angiogenesis in normal ducts, usual and atypical
hyperplasia, and low- and high-grade DCIS. We examined this question using 2 approaches.
First, neovascularization was measured by determining the MVD of these lesions, using
sensitive and specific markers of new blood vessels. We measured MVD first with CD31,
which is almost specific for blood vessel endothelium and especially sensitive for the
detection for new blood vessel growth,23 as would be expected in tumors. We then
examined CD105, also known as endoglin, an endothelial protein that is required for tumor
angiogenesis and that may thus be a specific marker for neoangiogenic vessels.3:24-26 |n
addition, increased MVD using CD105 as a marker has been shown to be an independent
marker of prognosis in breast cancer.27:28

Second, we studied the expression of vascular endothelial growth factor (VEGF), an inducer
of angiogenesis??-31 that is commonly expressed in malignancies undergoing angiogenesis,
including breast carcinomas.2%:30 Thus, our analysis also included a study of the relationship
between VEGF and angiogenesis during the progression of breast epithelial tumorigenesis.

Materials and Methods

Cases of usual ductal hyperplasia, ADH, and DCIS were retrieved from the surgical
pathology files of the University of California Irvine Medical Center from 2002 to 2006
using the Natural Language Search function of CoPath Plus (Misys Healthcare Systems,
Raleigh, NC). Sequential cases treated at the hospital only were used; no cases referred to
Pathology from outside institutions were included. Cases were reviewed independently by
one of the authors and assigned a diagnosis using the criteria for hyperplasia and low-grade
DCIS of Page and Rogers,32 and grading of DCIS used the Laigos system.33 In cases where
the diagnosis disagreed with the initial diagnostic reading, a second pathologist reviewed the
slide, and a consensus was reached. For each case, a single slide best representing the
diagnosis was chosen for immunohistochemical staining. For each case, only the lesion
representing the furthest progression of the disease was studied. In other words, if a case
showed both DCIS and hyperplasia, only the DCIS was evaluated for that case. In this way,
we prevented misinterpretation of lesions that may have been biologically higher grade than
morphology at that particular plane would have indicated.

Cases were excluded if there was a known diagnosis of infiltrating carcinoma in the same
breast, if an invasive carcinoma had been previously resected from the same breast, or if
invasive carcinoma was identified on an excision performed in response to the biopsy
diagnosis. Lobular neoplasia and cases in which there was insufficient material in the block
for immunohistochemistry were not studied. The use of these sections for this study was
approved by the Human Subjects Committee of the University of California, Irvine.

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections of breast specimens were placed on positively
charged slides (X-tra Slides, Surgipath Inc, Richmond, IL), deparaffinized with xylene
substitute (Clear-Rite 3 Cardinal Health, Dublin, OH), and rehydrated through decreasing
concentrations of 90:5:5 ethyl: methyl:isopropyl alcohol. Pretreatment was performed using
Dako Target Retrieval Solution, a citrate buffer (pH 6) in a pressure cooker for 5 minutes for
CD31 and CD105, and the pH 8.0 EDTA detection system for VEGF. Immunoperoxidase
reactions for CD31, CD105, and VEGF were performed using a Dako Autostainer Plus
automated immunostainer (Dako Inc, Carpinteria, CA) according to the manufacturer's
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instructions. Briefly, the automated steps included blockage of endogenous peroxidase with
DakoCytomation Dual Endogenous Enzyme Block and reaction with the specific antibody.
Antibodies were as follows: monoclonal mouse anti-CD31 (Dako), clone JC70A diluted
1:500; monoclonal mouse anti-CD105 (Dako), clone SN6 diluted 1:3000; and monoclonal
mouse anti-VEGF (Neomarkers, Fremont, CA), clone VGL1 diluted 1:50. Incubation with
DakoCytomation EnVision+ Dual Link System-HRP followed the primary antibody
reaction for CD31 and VEGF, and the CSAII detection system followed CD105. The
chromogen was diaminobenzidine for all reactions. Negative controls were performed in the
same fashion, except that the primary antibody was substituted with mouse immunoglobulin.
A section of breast carcinoma provided the positive control.

The slides were scanned at low power; 3 areas of DCIS or hyperplasia were then circled and
CD31-stained microvessels were counted to within 100 um of the lesions. A lumen was not
necessary for a structure to be defined as a microvessel, nor was the presence of red blood
cells. Where vessels were in clusters, each was counted as separate if it met the criteria.
Large vessels with thick muscular walls and vessels within the fibrovascular core of the
hyperplasia and neoplasms were not counted. Vessels around lobules were also excluded
from this experiment. Reactive areas such as scars, granulation tissues, and foreign body
reactions were avoided. Counts were performed at 200 times magnification, and MVD was
the number per 200x field on the Olympus BH-2 microscope. MVD was evaluated for 3
normal ducts each from 20 of the cases without DCIS. Normal ducts were defined as those
with 2 cell layers and not in continuity with hyperplasia. An identical procedure was used to
evaluate MVD on CD105-stained sections, but care was taken to avoid counting
nonspecifically stained inflammatory cells. VEGF was analyzed on adjacent sections in the
same ducts exhibiting DCIS or hyperplasia that were studied for vascular staining. Manual
evaluation of the VEGF staining was scored 0, 1, 2, or 3+ based on the average intensity of
staining of 3 separate foci. In the few cases where 3 examples of the lesion were not present,
1 or 2 foci were scored. Cases were separately scored by 2 investigators, including a surgical
pathologist with experience in breast pathology.

Statistical Considerations

Results

For each case, the average of 3 numbers of vessels was calculated, and the mean of these
values was determined for normal ducts and each type of ductal lesion. To determine
significance in differences between the mean values of MVD for each ductal category and
the next in the progression, parametric pairwise comparisons and nonparametric Wilcoxon
rank sum test and Kruskal-Wallis tests were performed. The Jonckheere-Terpstra trend test
was performed to determine whether changes in MVD through the entire progression from
normal ducts to DCIS was significant.

Patient Characteristics

Tissue was obtained from 80 patients. There were 32 cases of usual hyperplasia, 19 cases of
atypical hyperplasia, and 29 cases of DCIS. Of these, 7 were low-grade DCIS, 8 were
intermediate-grade DCIS, and 14 were high-grade DCIS. The average and median age of the
patients was 53 years, with an age range of 24 to 90 years. In all, 33 of the specimens were
from lumpectomies, 37 were from needle biopsies, 1 was from a reduction mammaplasty
and 9 were from mastectomy specimens. The lesion was on the right in 41 cases and on the
left in 39 cases.
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CD31 Staining

Microvessels were easily visualized on CD31-stained sections of all the breast tissue
samples examined, as illustrated in Figure 1. Figure 1 shows representative examples of the
increase in MVD as the epithelial proliferations progress from normal breast (Figure 1A) to
hyperplasia (Figure 1B) and high-grade DCIS (Figure 1C). Normal ducts showed only a few
microvessels surrounding them (mean MVD = 0.8 microvessels per 200x field). The MVD
increased as the duct morphology progressed from normal to hyperplastic to DCIS. This
increase can be appreciated among the examples in Figure 1 and is graphically represented
in the box plot in Figure 2. The greatest increase in MVD was noted in the earliest changes
of duct proliferation as the ducts exhibited simple hyperplasia (mean MVD = 18.1
microvessels per 200x field), which had a 22-fold greater MV D than normal ducts. This
difference was highly significant by ANOVA and Wilcoxon rank sum tests (< .0001). A
gradual increase in MVD was noted at each step of the progression of ductal changes. The
increase in MVD from usual to atypical hyperplasia (mean MVD = 22.4 microvessels per
20x field) was slightly less than significant (P=.067, ANOVA), whereas subsequent
differences from one step to the next were not significant. When usual and atypical
hyperplasia were compared with all grades of DCIS grouped together, however, the
differences were significant (P=.001 by ANOVA and P=.0048 by Kruskal-Wallis test).
Furthermore, the progression from usual hyperplasia to atypical hyperplasia to low-,
intermediate-, and high-grade DCIS showed a significant increase in MVD along the entire
progression using the Jonckheere-Terpstra trend test (£ =.0004).

CD105 Staining

CD105 showed a pattern of microvessel staining similar to that of CD31 for all the
specimens in the normal to hyperplastic to DCIS sequence. Staining was also observed in
the epithelial cells, making it difficult to observe microvessels immediately adjacent to the
epithelium in some cases. CD105 staining was also noted in the endothelium of small
arteries and veins distant from the ducts. An example of CD105 staining in the stroma near a
duct in a case of hyperplasia is illustrated in Figure 3. The number of microvessels was
similar to the numbers observed in the CD31-stained cases. The similarity is readily
apparent when we compare the box plot of CD105 expression (Figure 4) with the box plot of
CD31 expression. Most notably, the increase in MVD in usual hyperplasia compared with
normal is highly significant (P < .0001). As before, the incremental change in MVD was not
significant for each type of duct proliferation, but the trend toward increased MVD across
the entire spectrum of changes was highly significant by the Jonckheere-Terpstra test (P< .
0001).

VEGF Staining

Immunoperoxidase staining for VEGF was evaluated by subjective grading of staining
intensity. VEGF stained in a faint to moderate, finely granular cytoplasmic pattern in normal
ductal epithelium, hyperplasia, and most cases of DCIS (Figure 5). A few examples of high-
grade DCIS stained slightly darker (Figure 5C). When each of the categories of proliferative
breast disease was analyzed separately, as was done for the MVD, only the mean increase in
staining intensity of hyperplasia compared with normal ductal epithelium was minimally
significant (P=.0341 by ANOVA). The differences in staining were best appreciated when
normal was compared with hyperplasias grouped together and DCISs grouped together.
When this analysis was performed, normal epithelium had a mean intensity value of 1.17,
usual and atypical hyperplasia had a mean intensity value of 1.68, and DCIS had a mean
intensity value of 1.64. The differences between normal and hyperplastic, and between
normal and DCIS were both significant, with P values of .01 and .05, respectively, by
Wilcoxon's rank sum test. The change in VEGF staining with the progression from normal
to hyperplastic to DCIS was also significant (£ =.02) by the Jonckheere-Terpstra trend test.
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Discussion

In our study of microvascular density of preinvasive ductal disease, we found an increase in
MVD in association with ducts during the progression from normal to hyperplastic to DCIS.
Our study measured 2 markers of angiogenesis: CD31 for total vessels and CD105 for newly
formed vessels. Similar to our findings, many investigators noted an increase in MVD in
intermediate- and high-grade DCIS in comparison with low-grade and/or normal
ducts.8-11,14-16,18,29.34.35 Fewer studies have examined the entire progression of
preneoplastic ductal disease. Ottinetti and Sapinol® noted an increase in vessel size but not
vessel density as lesions progressed from normal to hyperplastic to DCIS. In that study, only
a small number of cases, including only 2 cases of atypical hyperplasia, were examined.
Heffelfinger et al'l noted that atypical hyperplasia, lobular carcinoma in situ, and
micropapillary DCIS had significantly more basement membrane vessels than usual
proliferative breast disease. They examined benign proliferative disease coexistent with
DCIS, in contrast to our study where we only examined the highest grade lesion of each
case. In this way, we could rule out potential influences of a higher grade lesion on an
otherwise lower grade one in the same specimen and could confidently rule out any
misinterpretation of potential overlap between benign proliferative disease and DCIS in any
given specimen. Finally, they used factor V111 to label endothelial cells, but this marker
tends to stain endothelium of larger vessels and, thus, is less sensitive for tumor
microvasculature than CD31 or CD105.23 In 2 recent studies, MVD was significantly higher
in intermediate- and high-grade DCIS when compared with hyperplasia, as in our study, but
increases in MVD when compared with normal ducts were only observed in DCIS in 1
studyl” and in DCIS and ADH in the other.1 In contrast, we observed that MVD is
significantly greater in hyperplastic as compared with normal ducts and that there is a
significant increase in angiogenesis through the entire progression of preinvasive ductal
proliferations.

It is unclear why, in contrast to our results, these 2 studies showed little difference between
the vascularity of normal ducts and usual hyperplasia. To further investigate the vascularity
of normal and hyperplastic ducts, we used a second angiogenic marker, CD105. CD105 was
chosen for use in addition to CD31 because of reports of its specificity for neoangiogenesis
compared with established vessels,3-23-25 although we noted staining in the endothelium of
small arteries and veins, and epithelium also. Even so, our study indicated that CD105 is a
marker of angiogenesis not only in invasive breast cancer, as noted in previous
studies,27:28:34-37 pyt also in breast DCIS and hyperplasia. Furthermore, the similarity in the
number of vessels staining for CD105 and CD31 provides confirmation of the CD31 MVD
results and provides additional evidence of the initiation of angiogenesis early in the
sequence of breast duct proliferation.

Finally, our study provides evidence that for hyperplasia, as well as for
DCIS,812.13,16-18,36-38 angiogenic factors exert influence beyond the basement membrane
into the stroma. Immunohistochemistry for VEGF provides a mechanism for angiogenesis in
proliferative ductal breast lesions. Although many angiogenic factors have been identified,
VEGF is one of the most widely implicated in tumor angiogenesis, particularly in invasive
breast cancer,:2% and thus, it was chosen for this investigation. Gradually increasing VEGF
staining intensity was noted as the lesions progressed, but demonstration of significant
increases required the grouping of usual and atypical hyperplasias together and grouping of
all grades of DCISs together. In other investigations, high levels of VEGF mRNA have been
noted in approximately half of DCIS cases but with little or no expression in nearby normal
or preneoplastic ducts.36-37 High VEGF expression by immunohisto chemistry in more than
half of DCIS cases was noted by other investigators,838 and this correlated with periductal
cuffing of new vessels8 or MVD.38 No study of normal or hyperplastic lesions was done by
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these investigators. Closer to our observations, Wulfing et al'3 noted that normal ducts had
little or no VEGF staining, with only faint or moderate staining of VEGF in DCIS. In a
study that investigated VEGF in hyperplastic ducts, only slightly stronger staining was noted
in DCIS in comparison with normal and hyperplastic ducts, with only the difference
between normal and CIS showing significance.12 Thus, our investigation builds on prior
studies by showing a significant increase in VEGF expression in ductal hyperplasia when
compared with normal ducts. As noted, this increase in VEGF staining occurs along with
increased vascularity in ductal hyperplasia. Our findings are in contrast, however, to a
previous study that found no difference in VEGF between the various types of intraductal
proliferations.’

In summary, this study shows that there is a significant increase in angiogenesis in
mammary ductal proliferations as they progress and a significant increase in VEGF
expression during progression. This association suggests that VEGF expression in
proliferating ducts provides the signal to endothelium in the stroma to proliferate. Other
factors from both the epithelium and stroma may play a role. Some that have been
previously investigated include insulin-like growth factor,12 platelet-derived growth
factor,12 thymidine phosphorylase,12:39 fibroblast growth factor,13 and VEGF-C.13

This study shows that the first significant increase in angiogenesis occurs very early in the
evolution of ductal proliferations, as ductal cells become hyperplastic. This is of interest
because such early lesions are not generally considered neoplastic, yet angiogenesis is
required for tumors to expand in size. This implies that at least in the breast, angiogenesis is
one of the earliest changes required for cancer formation and likely precludes most of the
genetic abnormalities associated with malignancy. From a diagnostic standpoint, this study
provides a possible explanation of why hyperplasia may produce a signal on MRI. From a
therapeutic standpoint, these findings raise the possibility that antiangiogenic interventions
may have a role in cancer chemoprevention in high-risk individuals.
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Figure 1.

Examples of angiogenesis in normal, nonproliferative ducts (A), usual ductal hyperplasia
(B), and high-grade ductal carcinoma in situ (DCIS) (C) are shown. In normal ducts, only a
few vessels are visible in the surrounding stroma (A). In this example, 10 vessels in a
surrounding 20x field were counted. Increasing numbers of small vessels are apparent in the
stroma surrounding the hyperplasia (B) and the DCIS (C). The vessel counts were 20 and 26
in a 20x field surrounding the hyperplasia and the DCIS, respectively (anti-CD31 with
hematoxylin counterstain; original magnification 200x).
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Figure 2.

Box plot showing a large increase in CD31-stained vessels surrounding hyperplasia, as
compared with normal ducts, and a gradual increase in vessels during the progression of
intraductal lesions.
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Figure 3.
CD105 staining in capillaries near a hyperplastic duct (anti-CD105 with hematoxylin
counterstain; original magnification 400x).
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Figure 4.

Box plot showing a large increase in CD105-stained vessels surrounding hyperplasia, as
compared with normal ducts, and a slightly greater increase in the number of vessels

surrounding intermediate- and high-grade DCIS.
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Figureb.
Examples of VEGF staining in normal, nonproliferative ducts (A), usual ductal hyperplasia

(B), and high-grade ductal carcinoma in situ (DCIS) (C) are shown. In normal ducts, only
minimal staining is visible in the ductal cells (A), but the staining is greater in hyperplasia
(B) and high-grade DCIS (C).
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