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Prolactin and growth hormone can acquire anti-angiogenic properties after undergoing pro-
teolytic cleavage by Cathepsin D and bone morphogenetic protein 1 (BMP-1) into fragments
known as vasoinhibins. Little is known about the effect of vasoinhibins on angiogenesis
through the involvement of key cleavage enzymes Cathepsin D and BMP-1 in pituitary neu-
roendocrine tumors (PitNETSs, formerly pituitary adenomas). The purpose of this study was to
investigate the mechanism of action of Cathepsin D and BMP-1 on angiogenesis in PitNETs
compared with that of pro-angiogenic factors, including vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor-2 (FGF2). A total of 43 patients were enrolled in a
retrospective analysis and 22 samples were suitable for RNA extraction, including 16 non-
functional PitNETs and six somatotroph tumors. The mRNA and protein levels of Cathepsin
D, BMP-1, VEGF, and FGF2 were compared with those of von Willebrand factor, which
was assessed to determine the vascularization of PitNETs. Cathepsin D and FGF2 were
significantly correlated with vascularization in PitNETs. Both Cathepsin D and FGF2 are
highly involved in angiogenesis in PitNETs, although the effect of Cathepsin D as an anti-

angiogenic factor is dominant over that of FGF2 as a pro-angiogenic factor.
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I. Introduction

Pituitary neuroendocrine tumors (PitNETs, formerly
pituitary adenomas) account for approximately 15% of
intracranial tumors [10]. In most human tumors, angiogene-
sis is correlated with a series of tumor behaviors [17]; how-
ever, PitNETs have been reported to be less vascularized
than normal pituitary tissue [34]. Although the role of
angiogenesis in PitNETs is controversial, a significantly
higher degree of vasculature has been noted in invasive and
macro PitNETs [32].
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Pituitary hormones are versatile; they can affect angio-
genesis either directly through actions on endothelial cells
or indirectly by regulating pro-angiogenic factors such as
vascular endothelial growth factor (VEGF) [13, 31]. Pro-
lactin (PRL) and growth hormone (GH) are remarkably
unique in their regulation of angiogenesis; these molecules
can function as pro-angiogenic factors by direct or indirect
actions on endothelial cells, and can also acquire anti-
angiogenic properties after undergoing proteolytic cleavage
to vasoinhibins, a family of N-terminal PRL fragments
ranging from 14 to 18 kDa in size that have a totally oppo-
site effect on angiogenesis compared with their parental
molecules [4, 6, 14, 29].

Cathepsin D is the key enzyme that proteolytically
cleaves PRL into vasoinhibins, which subsequently exert an
anti-angiogenetic effect in colon and breast cancers [3, 9].
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Piwnica ef al. reported that Cathepsin D also cleaves PRL
into an anti-angiogenic 17-kDa fragment in PitNETs [29].
In other cancers, Cathepsin D is a negative prognostic
marker associated with an increased risk of relapse and
metastasis [19, 20], particularly in breast cancer [12]. How-
ever, there are no reports on the effect of Cathepsin D in
PitNETs.

Another key enzyme that cleaves PRL and GH into
vasoinhibins is BMP-1. It has been reported that placental
BMP-1 gene expression is increased in women and rats
with diabetes and leads to vascular degeneration of the pla-
centa as a result of increased PRL proteolysis in the pla-
centa [28]. However, little is known about the angiogenic
effect imposed by BMP-1 in PitNETs.

Several molecules have been investigated concerning
vasculature in pituitary cells and other organs [2, 3, 18].
von Willebrand factor has been used extensively to quan-
tify angiogenesis in a variety of tumors [16, 35]. Vascula-
ture formation of tumors relies on the balance between
stimulators and inhibitors. Among pro-angiogenetic factors,
VEGF is the central mediator of angiogenesis in endocrine
glands [7]. Another potent angiogenic factor is basic
fibroblast growth factor-2 (FGF-2), which has multiple
activities affecting both the vasculature and parenchyma
cell proliferation through its upregulation during pituitary
tumorigenesis and growth [23].

Considering the unique effect imposed on angiogene-
sis by PRL, GH, and the fragments resulting from their
cleavage by the key enzymes Cathepsin D and BMP-1, we
aimed to investigate the involvement of Cathepsin D and
BMP-1 in angiogenesis of PitNETs, with a focus on the
balance between stimulators and inhibitors of angiogenesis.

II. Materials and Methods

Patients and tumor samples

Patients who underwent surgical operation for resec-
tion of PitNETs at Teikyo University Hospital between
April 2015 and July 2016 were retrospectively analyzed. A
total of 43 samples were initially enrolled but samples that
were not suitable for RNA extraction and staining were
excluded. Finally, 22 PitNET samples from 22 patients (12
men, 10 women; mean age 53.5 years; range 30-78 years)
were examined, including 16 nonfunctional PitNETs and
six somatotroph tumors (Table 1). Seven patients (Table 1:
No. 1, 2, 6, 8, 11, 12, 16) showed hyperprolactinemia but
the specimens were negative for PRL staining and were
classified as nonfunctional PitNETs due to the stalk effect
[27]. Patients with acromegaly were not treated with
octreotide preoperatively. This study was approved by the
ethics committee of Teikyo University Hospital. Data were
analyzed anonymously and informed consent was obtained
from each patient.

Immunohistochemistry
PitNET tissues were removed during surgery and

fixed overnight in 4% paraformaldehyde dissolved in 0.01
M phosphate buffered saline, pH 7.4 (PBS). The tissues
were embedded in paraffin blocks using routine techniques.
Immunohistochemical (IHC) assays were performed on 4-
pm thick sections of paraffin-embedded specimens. Slides
were deparaffinized, rehydrated, subjected to antigen
retrieval, and incubated overnight with the following pri-
mary antibodies: rabbit anti-human Cathepsin D antibody
(ab75852 at 1:250 dilution, Abcam, USA), rabbit anti-
human BMP-1 antibody (ab118520 at 1:1,000 dilution,
Abcam), rabbit anti-human VEGF antibody (sc-152 at
1:200 dilution, Santa Cruz Biotechnology, USA), rabbit
anti-human FGF2 antibody (sc-79 at 1:200 dilution, Santa
Cruz Biotechnology), mouse anti-human von Willebrand
factor antibody (M0616 at 1:50 dilution, Dako, Japan).
After incubation for 60 min with biotinylated secondary
antibody the sections were processed with avidin—biotin
complex (Vectastain Elite ABC kit, Vector Laboratories,
USA), stained using diaminobenzidine as chromogen,
counterstained with Mayer’s hematoxylin, and mounted.

Staining for pituitary hormone was performed to
establish the histological hormone phenotype of the tumor
samples using commercially available antibodies for GH
(A0570, Dako, USA), ACTH (M3501, Dako, USA), PRL
(A0569, Dako, USA), TSH (M3503, Dako, USA), LH
(0374, MBL, Japan), FSH (0373, MBL, Japan), aSU
(5953689, NIH, USA).

Negative control studies included substituting normal
sera for the primary antibody.

The representative immunohistochemical stainings are
shown in Figure 1.

Semiquantitative analysis of immunohistochemical staining

The tumor cell area of each section was viewed in
three different fields at x400 magnification. The number of
cells positive for Cathepsin D, BMP-1, FGF2, or VEGF
was counted and the percentage of immunoreactive positive
cells was calculated using ImageJ software (National Insti-
tutes of Health, USA). To assess the vascularization of
PitNETs, both the immunoreactive positive areas for von
Willebrand Factor and the whole tissue area in each field
were measured manually by Image J and the percentage of
the total area positive for von Willebrand factor was calcu-
lated. Finally, the average percentage of positive staining of
each molecule was determined.

For hormone staining, specimens with positive stain-
ing in less than 1% of cells were assessed as negative, 1—
25% as +, 25-50% as 2+, 50-75% as 3+, and 75-100% as
4+ (Table 1).

Evaluation of tumor proliferation

Staining for Ki-67 (M7240, Dako, USA) was per-
formed to evaluate proliferative potential and the percent-
age of positive cells was calculated using e-Count software
(e-Path, Japan).
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Pre-operational Abnormal Hormone

Patient Gender Age (yr) Diagnosis (reference range) Ki-67 Hormone staining
1 F 53 NF PRL: 148.8 (4.9-29.3 ng/ml) 1.3% P53: weak negative
LH: 0.1 (2.4-12.6 mIU/ml)
FSH: 0.8 (3.5-12.5 mIU/ml)
2 M 73 NF PRL: 21.3 (4.3-13.7 ng/ml) <1% FSH(3+)
FSH: 80.8 (1.7-12.4 mIU/ml) aSU(+)
3 F 48 NF Normal <1% negative
4 M 66 NF Normal 1% aSU(+)
5 M 46 NF Cortisol: 19.9 (4-18.3 ug/dL) 2.8% negative
PRL: 3.7 (4.3-13.7 ng/ml)
6 M 78 NF T3:1.31 (2.3-4.0 pg/ml) 1.8% LH(+)
PRL: 70.7 (4.3-13.7 ng/ml) aSU(+)
7 M 50 NF FSH: 13.1 (1.8-12 mIU/ml) <1% FSH(4+)
aSU(2+)
8 F 35 NF PRL: 59.6 (4.9-29.3 ng/ml) 1.5% FSH(4+)
LH: 0.1 (2.4-12.6 mIU/ml)
FSH: 1.2 (3.5-12.5 mIU/ml)
9 F 61 NF Normal 1.4% negative
10 74 NF PRL: 0.6 (4.9-29.3 ng/ml) 1.8% FSH(+)
TSH: 0.048 (0.34-4.5 ulU/ml) aSU(+)
FSH: 20.0 (3.5-12.5 mIU/ml)
IGF1: 178 (53-165 ng/ml)
11 F 60 NF T4:0.58 (0.9-1.7 ng/dL) 1.5% FSH (most negative,
Cortisol: 2.6 (6.2-19.4 ug/dL) partly positive)
GH: 0.05 (0.13-9.88 ng/ml)
PRL: 45.4 (4.9-29.3 ng/ml)
LH: 0.1 (1.4-15.0 mIU/ml)
IGF1: 43 (70-201 ng/ml)
12 M 54 NF PRL: 15.7 (4.3-13.7 ng/ml) <1% FSH(+)
FSH: 13.2 (3.5-12.5 mIU/ml) aSU(+)
13 M 38 NF Normal 3% FSH(4+)
P53 (partly positive)
14 F 63 NF FSH: 21.0 (3.5-12.5 mIU/ml) 1.7% FSH(2+)
P53 (weak)
15 M 51 NF Cortisol: 3.5 (4-18.3 ug/dL) <1% PRL(%)
PRL: 2.2 (4.3-13.7 ng/ml) P53 (partly positive)
16 F 40 NF T4:0.82 (0.9-1.7 ng/dL) 3% FSH(z)
PRL: 145.7 (4.9-29.3 ng/ml) P53 <1% aSU(4+)
17 F 61 GH GH: 44.8 (0.13-9.88 ng/ml) 2.20% GH(4+)
PRL: 58.3 (4.9-29.3 ng/ml) PRL(2+)
LH: 0.1 (2.4-12.6 mIU/ml) aSU(+)
FSH: 0.5 (3.5-12.5 mIU/ml)
IGF1: 521 (69198 ng/ml)
18 M 53 GH GH: 5.65 (0-2.47 ng/ml) 1% GH(4+)
IGF1: 580 (85-240 ng/ml) FSH(+)
asSU(4+)
19 M 62 GH GH: 8.83 (0-2.47 ng/ml) 1.5% GH(3+)
TSH: 0.215 (0.5-5.0 ulU/ml) PRL(+)
ACTH: 84.5 (7.2-63.3 pg/ml)
IGF1: 635 (76-228 ng/ml)
20 M 30 GH GH: 7.84 (0-2.47 ng/ml) 2.3% GH(2+)
IGF1: 902 (109-303 ng/ml)
21 M 39 GH GH: 16.2 (0-2.47 ng/ml) 1.9% GH(4+)
IGF1: 718 (95-266 ng/ml)
22 F 41 GH GH: 11.6 (0.13-9.88 ng/ml) 2.6% GH(3+)
PRL: 36.7 (4.9-29.3 ng/ml) PRL(-)

M: Male, F: Female, NF: Clinically non-functioning PitNET, GH: Somatotropinoma.
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Table 2. Primer and probe sequence for qRT-PCR

Probe

Primer
Cathepsin D F:5'CATCTTCTCCTTCTACCTGAGCA3'
R:5'GTCTGTGCCACCCAGCAT3'
BMP-1 F:5'CAGTCCTTTGAGATTGAGCGC3'

R:5'TGCTGCTCTCACTGTGCCC3'
vWF F:5'ACCTGGAGGTGATTCTCCATAA3'
R:5'CCCATTCACCGTCACCTC3'

VEGF F:5'TGCTCTACCTCCACCATGCCAA3'
R:5'TGATGATTCTGCCCTCCTCCTTC3'
FGF2 F:5'CGACCCTCACATCAAGCTACAAZ'

R:5'CCAGGTAACGGTTAGCACACACT3'

#64 probe from Roche company (cat.no.04688635001)
5'ACGACAGCTGTGCCTACGACTATCTGGAGGT3'
#1 probe from Roche company (cat.no.04684974001)
5'TGGTCCCAGGCTGCACCCATGGC3'

5'CGACCCTCACATCAAGCTACAAZ'

Gene expression analyses
Extraction of RNA

Total RNA was isolated from the formalin-fixed
paraffin-embedded slides using the High Pure RNA Paraf-
fin Kit (Roche Applied Science, USA) according to the
instructions. The quantity and quality of RNA were
assessed by spectrophotometer (e-spect, BM equipment,
Japan). A total of 18 samples qualified for RNA extraction,
including 13 nonfunctional PitNETs and five somatotroph
tumors.

Quantitative RT-PCR (qRT-PCR) gene expression analysis

Total RNA from each sample was reverse-transcribed
to cDNA using a cDNA synthesis kit (First-Strand cDNA
Synthesis, Roche Applied Science). qRT-PCR was per-
formed in a LightCycler 480 System using the LightCycler
480 Probes Master kit (Roche Applied Science). Each
assay was performed in duplicate and the mean value of
mRNA expression was used. Gene expression was normal-
ized to that of PB-actin. Primers and probes for each
molecule are shown in Table 2.

Statistical analysis

Statistical analysis was performed using GraphPad
Prism version 7.0 (GraphPad Software Inc., CA, USA).
Linear regression with 95% confidence intervals was
graphed using GraphPad Prism. Correlations were calcu-
lated using the Pearson test and shown as R-values. Sig-
nificance was taken as p < 0.05. Receiver operating
characteristic (ROC) curves were generated to measure the
sensitivity, and the area under the curve (AUC) was calcu-
lated.

III. Results

Cathepsin D and angiogenesis

There was a significant inverse relationship between
Cathepsin D and von Willebrand factor expression by qRT-
PCR in nonfunctional adenomas, with higher Cathepsin D
expression tending to indicate less vascularization (Fig. 2A,
R =-0.70, p = 0.0082). The same trend was also observed
in somatotroph tumors but the inverse correlation was not

as significant as that for nonfunctional PitNETs (Fig. 2B, R
=-0.22, p=0.7259).

A significant inverse correlation was confirmed using
IHC in both the nonfunctional group (Fig. 2C, R = —0.73,
p = 0.0015) and the somatotroph group (Fig. 2D, R =
—0.42, p = 0.0346). Consistent with mRNA levels, the
inverse trend for protein expression was more significant in
the nonfunctional PitNETs than in somatotroph tumors.

BMP-1 and angiogenesis

No significant correlation was found between mRNA
and protein levels of BMP-1 and von Willebrand factor in
both nonfunctional PitNETs (Fig. 3A, R = —0.013, p =
0.9671; Fig. 3C, R = —0.34, p = 0.2041) and somatotroph
tumors (Fig. 3B, R = 0.62, p = 0.2616; Fig. 3D, R = 0.51,
p=0.3029).

VEGF and angiogenesis

No significant correlation was found between mRNA
and protein levels of VEGF and von Willebrand factor in
nonfunctional PitNETs (Fig. 4A, R = 0.26, p = 0.3846; Fig.
4C, R = —0.05, p = 0.8094) and somatotroph tumors (Fig.
4B, R =-0.08, p = 0.8958; Fig. 4D, R =0.47, p = 0.3479).

FGF?2 and angiogenesis

A significant positive correlation between FGF2 and
von Willebrand factor was observed only for protein levels
in nonfunctional PitNETs (Fig. 5C, R = 0.57, p = 0.0192),
with higher FGF2 expression tending to indicate more
vascularization. No significant correlation was found for
mRNA expression (Fig. 5A, R =0.23, p = 0.4572).

No significant correlation was found between mRNA
and protein levels of FGF2 and von Willebrand factor in
somatotroph tumors (Fig. 5B, R = 0.36, p = 0.5540; Fig.
5D, R=-0.07, p = 0.8825).

Ki-67 index and angiogenesis

A mild but non-significant positive correlation was
found between von Willebrand factor protein level and
Ki-67 staining index in both nonfunctional PitNETs (Fig.
6A, R = 0.31, p = 0.2439) and somatotroph tumors (Fig.
6B, R =0.35, p = 0.4908).
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Fig. 1. Immunohistochemical staining for: Cathepsin D (A: NF; B:
somatotroph tumors; 600x), bone morphogenetic protein 1 (BMP-1)
(C: NF; D: somatotroph tumors; 600x%), basic fibroblast growth factor
(FGF2) (E: NF; F: somatotroph tumors; 600%), vascular endothelial
growth factor (VEGF) (G: NF; H: somatotroph tumors; 600x) and von
Willebrand factor (I: NF; J: somatotroph tumors; 600x). NEF:
nonfunctional PitNETs.

Comparison of the effect of Cathepsin D and FGF2 on
angiogenesis

Receiver operating characteristic curves (Fig. 7)
showed that Cathepsin D had a stronger effect on angiogen-
esis in nonfunctional PitNETs than FGF2 (AUC = 0.9492
versus 0.8828, respectively).

IV. Discussion

Angiogenesis plays a key role in tumor growth and is
closely associated with an increased risk of relapse and
metastasis. In contrast, PitNETs seem to be less vascular-
ized than the normal gland [8], although there are some dis-
cordant results [24, 26].

Several studies have shown the involvement of
Cathepsin D in regulation of blood vessel formation, espe-
cially in solid tumors. It has been reported that Cathepsin D
positively correlates with angiogenesis in ovarian and
breast cancer [15, 21] and is considered a negative prog-
nostic marker [12, 19, 20]. Moreover, Cathepsin D can
also impose anti-angiogenic effects by activating anti-
angiogenic factors including angiostatin, vasoinhibin, and
endostatin in prostate carcinoma cells and endothelial cells
[9, 11, 25].

To our knowledge, our study is the first to investigate
the relationship between Cathepsin D and angiogenesis in
PitNETs. We found a significant inverse relationship
between Cathepsin D and vascularization, showing that
higher Cathepsin D expression notably indicates less vascu-
larization in PitNETs. This effect was more significant in
nonfunctional PitNETs than in somatotroph tumors and was
confirmed at both mRNA and protein levels. This finding is
totally opposite to a previous report that Cathepsin D acts
as a pro-angiogenic factor in solid tumors [19]. However, it
is consistent with findings of Piwnica et al. that Cathepsin
D cleaves PRL into vasoinhibins and thus exerts an anti-
angiogenic effect [29], although we could not detect the
level of vasoinhibins directly because this was a retrospec-
tive analysis using only paraffin-embedded samples.

Another key enzyme in the production of vasoinhibins
is BMP-1; however, our study showed no significant corre-
lation between BMP-1 and angiogenesis. Compared with
BMP-1, Cathepsin D was the dominant anti-angiogenic fac-
tor controlling angiogenesis in PitNETs.

Tumor vascularization depends on the balance
between pro-angiogenic and anti-angiogenic factors. Sev-
eral studies showed that PitNETs demonstrated lower
VEGF expression at the protein level than normal pituitary
tissue [30], although there are some discordant results [18].
In our study, no significant correlation was found between
VEGF expression level and angiogenesis. This was consis-
tent with a previous report that VEGF does not play a sig-
nificant role in the angiogenesis of pituitary adenomas [36].

As a key pro-angiogenic factor, FGF2 showed a sig-
nificant positive relationship with vascularization, but only
in nonfunctional PitNETs. This was consistent with previ-
ous studies showing that FGF2 is closely associated with
high vascularization in PitNETs [22, 23].

Since only Cathepsin D and FGF2 showed a signifi-
cant correlation with angiogenesis in this study, a ROC
curve analysis was performed to compare their effects.
The data showed that the anti-angiogenic effect imposed
by Cathepsin D overwhelmed the pro-angiogenic effect
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induced by FGF2 in nonfunctional PitNETs. It has been
reported that Cathepsin D facilitates the release of FGF2 in
breast cancer cells [5, 33]. Moreover, other authors
observed that Cathepsin D is responsible for the generation
of angiostatin, which inhibits FGF2-induced angiogenesis
in human prostate carcinoma cells [25]. Although the
mechanism for the regulation of FGF2 by Cathepsin D in
PitNETs is not clear, facilitation of FGF2-induced angio-
genesis by Cathepsin D was not observed in our study.

Angiogenesis is also associated with the proliferation
of tumor cells and it has been reported that Ki-67 is associ-
ated with angiogenesis in multiple myeloma [1]. In our
study, a positive but non-significant correlation was found
between von Willebrand factor and Ki-67 in both nonfunc-
tional PitNETs and somatotroph tumors.

Some limitations of this study should be noted. First,
the volume of samples was limited. Moreover, angiogenesis
is a complex procedure because in addition to Cathepsin
D and BMP-1, the matrix metalloproteinase (MMP)
family can also cleave PRL into vasoinhibins. Whether
vasoinhibins directly participate in the inhibition of angio-
genesis should be examined in a prospective analysis using
western blotting to confirm the existence of vasoinhibins. It
is also necessary to confirm the involvement of other
enzymes, including the MMP family, in the production of
vasoinhibins.

In conclusion, the present study demonstrates that
expression of Cathepsin D and FGF?2 is significantly corre-
lated with angiogenesis in PitNETs, and particularly in non-
functional PitNETs. Moreover, the anti-angiogenic effect
imposed by Cathepsin D is more significant than the pro-
angiogenic effect of FGF2.
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