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Abstract
The present study was undertaken to investigate the expression of prostate-specific membrane antigen (PSMA) in normal 
breast tissues, in cancerous breast tissues and in distant metastases from patients with breast cancer. Immunohistochemi-
cal analysis was performed to determine PSMA expression and angiogenic activity using anti-PSMA mAb and anti-CD31 
mAb respectively. Immunofluorescence staining was applied to confirm the exact co-localization of PSMA and CD31. We 
observed different patterns of PSMA expression between normal and cancerous tissues. Normal breast tissues showed PSMA 
expression only in normal glandular cells. However, primary breast tumors and distant metastases showed PSMA expression 
in tumor cells and in tumor-associated neovasculature. PSMA score group status in primary breast tumors was significantly 
associated with histologic type and tumor grade (p = 0.026 and p = 0.004 respectively). Distant metastases showed higher 
PSMA expression in tumor-associated neovasculature comparing with primary tumors. Moreover, brain tumor-associated 
neovasculture had significantly higher expression of PSMA comparing with bone tumor-associated neovasculture. The 
localized binding of PSMA mAb to the neovasculature endothelium was confirmed with the double Immunofluorescence 
staining. 68Ga-PSAM imaging of a patient with metastatic breast cancer showed strong tracer uptake in all known skeletal 
metastases. To the best of our knowledge, this study is the second one that has assessed PSMA expression in a large number 
of breast cancer patients. Our findings showed that PSMA is particularly expressed in tumor-associated neovasculature of 
breast tumors and its distant metastases, thus enhancing the evidence on the potential usefulness of PSMA as a therapeutic 
vascular target.
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Introduction

Prostate-specific membrane antigen (PSMA) is a 
84–100 kDa type II transmembrane glycoprotein which is 
first cloned in the human prostate parenchyma and has a 
unique 3-part structure, a 707-amino acid external portion, 
a 24-amino acid transmembrane portion and a 19-amino acid 
internal portion [1]. While initial observations assumed that 
the expression of PSMA is limited to prostate cells, it is now 
well known that it is also expressed to a limited degree in 
other tissues. For example, PSMA expression is seen in the 
brush border of the small intestine, in the proximal renal 
tubules, in the spleen, in the liver, in the salivary glands 
and in the brain [2]. Moreover, Godron et al. demonstrated 
for the first time the expression of PSMA in a variety of 
neovasculature from physiologic regenerative and repara-
tive conditions such as vessels in proliferative endometrium 
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and granulation tissue [3]. Kinoshita and colleagues found 
that PSMA is expressed in a variety of normal tissues and 
this expression is dysregulated in different cancerous tissues 
[4]. The exact function of PSMA remains unclear, but it is 
thought to play an important role in nutrients uptake and cell 
signalling [5]. In addition, PSMA showed to have different 
enzymatic activity based on its location of expression, (i) 
folate hydrolase activity at the small intestine where it is 
responsible for removing the C-terminal glutamates from 
dietary folate allowing its absorption and transportation 
into the rest of the body and (ii) N-acetylaspartylglutamate 
peptidase (NAALADase) activity in the nervous system by 
which it enhances the production of N-acetylaspartylgluta-
mate (NAAG), the most abundant peptide neurotransmitter 
in the mammalian nervous system [6, 7]. The impact of this 
enzymatic activities on human prostate tissue and perhaps 
elsewhere, however, is yet unknown, as does the question 
regarding the existence of a natural ligand for PSMA.

In the prostate, PSMA is expressed at low levels in 
benign prostatic epithelium and upregulated several fold 
in the majority of advanced prostatic malignancies [8, 9]. 
Consequently, the PSMAʹs interaction with PSMA-specific 
antibodies or other ligands in normal tissues can be ignored 
[10, 11]. Additionally, PSMA expression has been shown to 
correlate with aggressiveness of the prostate cancer (PC), 
with highest levels expressed in an androgen-deprived state 
and metastatic disease [5]. Moreover, it has been found that 
PSMA does have internalization signal that allows inter-
nalization of the protein on the cell surface into an endoso-
mal compartment [12]. As a result, these observations have 
made PSMA an attractive molecular target for oncological 
imaging and radionuclide therapy in the management of PC 
[13, 14]. Using PSMA PET/CT, it has become apparent that 
PSMA expression persists in a high percentage of patients 
with PC in contrast to the expression of blood biomarkers 
such as prostate-specific antigen (PSA) [15, 16] providing 
the rationale for the recent introduction of PSMA radioli-
gand therapy, with promising initial results [17, 18].

In regard to other cancers, different studies confirmed 
the expression of PSMA in the neovasculature of numerous 
solid cancers including pancreatic cancer [19], lung cancer 
[20], colorectal cancer [21], kidney cancer [22] and blad-
der cancer [23]. These studies showed that the endothelial 
cell expression of PSMA was highly restricted to tumor-
associated neovasculature representing candidate target for 
tumor-specific anti-angiogenic cancer therapy.

Breast cancer (BC) continues to be the second leading 
cause of cancer-related death among women [24]. Although 
exciting therapy options have declined the disease incidence 
and improved the survival rate for BC, optimal regimens 
remain open questions because of the serious side effects 
and drug resistance scenarios that can be initiated dur-
ing the treatment. Therefore, continued research is highly 

recommended to improve patient stratification for the exist-
ing therapies and to provide new therapeutic targets. To date, 
the assessment of PSMA expression in BC and its potential 
in disease diagnosis and therapy is limited by very little 
number of studies that included small cohort sizes except 
for one study of Wernicke et al. [25]. Therefore, we aimed in 
our study to investigate the expression of PSMA in primary 
and metastatic breast tumors.

Materials and methods

Patients

This study included a cohort of 72 women with histologi-
cally confirmed BC. The study was approved by the local 
ethics committee of the Medical Association of the Saarland 
(reference number: 207/10). Written and informed consent 
was obtained from each patient who was still alive at the 
beginning of our study.

All specimens were diagnosed according to the WHO 
classification in effect at the time of initial diagnosis. Demo-
graphics and clinicopathologic features of all patients are 
summarized in Table 1.

Representative formalin-fixed paraffin-embedded blocks 
were obtained from the Department of Pathology and Neu-
ropathology of the University of Saarland, including 70 pri-
mary breast tumors of which 39 normal breast tissues and 
10 distant metastases were available. In addition, two blocks 
of two metastases second to breast cancer without their cor-
responding primary tumors were included. The metastases 
cohort consisted of one, six and five cases of lung, bone and 
brain respectively. Consecutive sections of 4-µm thickness 
were prepared from the blocks for hematoxylin-eosin (HE) 
staining, for immunohistochemistry (IHC) analysis and for 
immunofluorescence (IF) analysis. All HE stained sections 
were tested by a pathologist to confirm the expected histo-
logical characteristics of the investigated block.

Immunohistochemistry (IHC) staining

Immunohistochemical staining was performed to validate 
PSMA expression. In order to assess the expression of 
PSMA within the vascular endothelium, we additionally 
stained for an endothelial cell marker, CD31. In brief, fol-
lowing deparaffinization, antigen retrieval was performed 
on block sections using (Dako retrieval solution S1699, 
PH = 6). Then, sections were blocked with 3% bovine serum 
albumin (BSA fraction V, Sigma-Aldrich) for 30 min at 
room temperature. Incubation with the primary antibodies 
was done for one hour at 37 °C using PSMA mAb-clone 
3E6 and CD31 mAb- clone JC70A from DAKO. Thereaf-
ter, staining was applied using DAKO REAL ™ Detection 
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System, Alkaline phosphatase/RED kit according to manu-
facturer instructions. After washing in PBS buffer, slides 
were counterstained with hematoxylin for 6 min, raised in 
water, dehydrated in ascending concentrations of ethanol fol-
lowed by clearance with xylene and cover slipped. Staining 

specificity was checked using negative controls which under-
went the entire staining procedure except that the primary 
antibody was omitted. Prostatic adenocarcinoma specimens 
and tonsillar tissues served as a positive controls for PSMA 
and CD31 staining respectively.

Assessment of PSMA expression

Immunohistochemical staining was evaluated by a patholo-
gist unaware of the clinical and pathological data. All tissue 
sections were analyzed under Zeiss microscope (Axioskop 
40, Carl Zeiss, Germany) and selected pictures were cap-
tured with attached digital camera (AxioCam MRC, Carl 
Zeiss, Germany) using Axiovision Documentation Rel.4.8 
programm.

PSMA expression in tumor cells

Using HE stained slides; we have identified the percentage 
of tumor cells in each tested slide. PSMA expression was 
quantified according to Remmele and Stegner method [26]. 
Staining intensity was scored semi quantitatively as negative 
(0), weak (1), moderate (2) or strong (3). Extent of staining 
was scored as percentage of cells stained (0, 0% of cells; 1, 
< 10% of cells; 2, 10–50% of cells; 3, 51–80% of cells; 4, 
> 80% of cells). The final immune reactive score (IRS) was 
determined by multiplying the scores of intensity and extent 
of staining, ranging from 0 to 12. IRS < 2 was considered 
as negative staining, 3–4 as weak staining, 6–8 as moderate 
staining and 9–12 as strong staining.

PSMA expression in tumor-associated neovasculature

Using HE stained slides; we have identified 5 areas (hot-
spots) that had the highest concentration of microves-
sels. The number of CD31- and PSMA-positively stained 
microvessels in each of these hot-spots was calculated using 
CD31 stained slides and PSMA stained slides respectively. 
Counted vessels were chosen according to Weidner’s method 
[27]. The percentage of PSMA expression in tumor vessels 
was calculated using the following equation:

Percentage of PSMA expression in tumor vessels= (Aver-
age of vessels numbers stained for PSMA / Average of ves-
sels numbers stained for CD31) × 100.

PSMA staining intensity in the neovasculature was 
graded on a 0–3 scale (0, no staining; 1, weak; 2, moderate; 
and 3, strong). Then, the final score of PSMA expression in 
the neovasculature was obtained by multiplying the intensity 
grade with the percentage of PSMA expression in tumor 
vessels obtaining a range of 0 to 12 (< 2 was considered as 
negative staining, 3–4 as weak staining, 6–8 as moderate 
staining and 9–12 as strong staining).

Table 1  Clinical and pathological characteristics of study patients

a Other: invasive lobular carcinoma (N = 12), invasive ductal and 
lobular (N = 3), tubular carcinoma (N = 1), and mucinous carcinoma 
(N = 2)

Characteristics Number Percentage (%)

All cases 72 100
Age at diagnosis
 Median (range); years 60.7 (39.9–86.4)

Menopause
 Premenopausal 18 25
 Postmenopausal 54 75

M Status
 M0 62 86
 M1 10 14

T Stage (unknown: one case)
 T1 36 50.7
 T2 29 40.8
 T3 3 4.2
 T4 3 4.2

N stage
 N0 36 50.0
 N1 25 34.7
 N2 3 4.2
 N3 6 8.3
 NX 1 1.4
 N+ 1 1.4

Histology
 Invasive ductal 54 75.0
 Othera 18 25.0

Receptor status (unknown: one case)
 ER+ 11 15.5
 ER− 60 84.5
 PR+ 49 69.0
 PR− 22 31.0
 Her2Neu+ 9 12.7
 Her2Neu− 62 87.3
 Triple negative 9 12.7

Ki-67 index (%) (unknown: five cases)
< 10% 15 22
= 10–14% 24 36
> 14% 28 42
Grading (unknown: one case)
 G1 7 9.9
 G2 49 69.0
 G3 15 21.1
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Immunofluorescence (IF) staining

Double immunofluorescence staining was done to confirm 
the localized binding of PSMA mAb to the neovasculature 
endothelium. For this purpose, we have tested all available 
sections of six different cases including four cases (2 M0 and 
2 M1) that showed positive IHC- PSMA staining and two 
cases (1 M0 and 1 M1) that showed negative IHC-PSMA-
staining. The sections were deparaffinized and washed as 
previously described in the IHC staining method. The anti-
gen retrieval was achieved with applying Tris–EDTA buffer 
(pH 9) (EDTA and Trizma base from Sigma-Aldrich) for 
30 min at 38 °C, followed by overnight incubation with the 
primary antibodies (PSMA mAb-clone 3E6 from DAKO 
and CD31 rabbit mAb from Abcam) at 4 °C. After washing 
in phosphate-buffered saline (PBS), the slides were blocked 
one hour with 3% bovine serum albumin (BSA fraction V, 
Sigma-Aldrich) for 30 min at room temperature. Secondary 
anti-mouse (Alexa Fluor®568 goat anti-mouse, Life technol-
ogies) and anti-rabbit (Alexa Fluor ® 488 goat anti-rabbit) 
were applied at room temperature for one hour. The slides 
were sequentially mounted with DAPI Prolong ® Diamond 
Antifade Mountant from Life technologies. Images were 
taken on Olympus BX53 microscope using Olympus XC30 
camera and cellSens Standard Olympus program.

Statistical analysis

Descriptive statistics (including median, range, and abso-
lute as well as relative frequencies) were used to define 
the study cohort characterizations. Correlations between 
parameters were assessed according to the nonparametric 
Spearman rank correlation and respective statistical test. 
Student’s t-test and Wilcoxon t-test were used for compar-
ing the differences between paired parametric and non-par-
ametric continuous data respectively. The Chi square test or 
Fisherʹs exact test were used to assess the relation of PSMA 
expression score group to the clinicopathological features 
as appropriate. P-values were two sided and subject to a 
local significance level of 5%. Due to the overall nature of 
the study we did not account for the issue of multiple testing 
and thus report unadjusted p-values. Overall survival (OS) 
and metastases-free survival (MFS) survival between the 

expression categories were compared using Kaplan–Meier 
plots and log-rank test. Patients were followed up from the 
date of surgery with a mean follow-up period of 33 months 
(Range: 2-296 months). All statistical analyses were per-
formed using SPSS version 21 (IBM, Armonk, NY, USA).

Results

PSMA‑IHC staining in primary BC tissues

Seventy formalin-fixed paraffin-embedded blocks of primary 
breast tumors were available. We have found that PSMA 
was expressed in tumor cells as well as in tumor -associ-
ated endothelial cells. PSMA staining showed cytoplasmic 
reactivity in tumor cells and membranous with or without 
cytoplasmic reactivity in the endothelial cells lining tumor 
microvessels. Staining appeared homogenously in the great 
majority of the evaluated cases. In case of heterogeneous 
staining, the predominant pattern was recorded. PSMA 
expression in tumor cells appeared in 72% (50/70) of tested 
cases and ranged between weak and moderate. On the other 
hand, 46% (31/68) of tested cases showed PSMA expression 
in tumor-associated neovasculature of which 6% had strong 
staining (IRS = 9–12) (Table 2). A weak but significant cor-
relation between PSMA expression in tumor cells and in 
tumor-associated neovasculture was identified in 68 matched 
cases (Spearman p = 0.011, R² = 0.053).

As PSMA expression in tumor cells showed different 
pattern comparing to its expression in tumor-associated 
neovasculature, we defined specifically the expression pat-
tern in each case and found that 18% (12/68) of tested cases 
had negative PSMA expression both in tumor cells and in 
tumor-associated neovasculature, 37% (25/68) had posi-
tive PSMA expression in tumor cells and negative PSMA 
expression in tumor-associated neovasculature, 10% (7/68) 
had negative PSMA expression in tumor cells and positive 
PSMA expression in tumor-associated neovasculature and 
35% (24/68) had positive PSMA expression both in tumor 
cells and in tumor-associated neovasculature (Fig. 1). PSMA 
expression was defined as negative when IRS = 0–2 and as 
positive when IRS = 4–12.

Table 2  Expression pattern of 
PSMA in 70 primary breast 
tumor tissues

Data showed as number of cases and percentage

PSMA Staining pattern in primary breast tumors

Negative
IRS: 0–2

Weak
IRS: 3–4

Moderate
IRS: 6–8

Strong
IRS: 9–12

All

PSMA in tumor cells 20 (28%) 25 (36%) 25 (36%) 0 (0%) 70 (100%)
PSMA in tumor-associ-

ated neovasculature
37 (54%) 14 (21%) 13 (19%) 4 (6%) 68 (100%)
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PSMA expression in BC and its relation 
to the clinicopathological parameters

A summary of the relation of PSMA immunoreactivity to 
the clinicopathological parameters is presented in Table 3. 
Study patients were divided in four groups depending on 
PSMA expression in tumor cells and in tumor-associated 
neovasculature as mentioned above. Statistically signifi-
cant relation was demonstrated between PSMA expression 
and both tumor histopathological subtype and tumor grad-
ing (p = 0.026 and p = 0.004 respectively).

PSMA expression in normal breast tissues

In order to further assess whether PSMA expression is 
dysregulated in breast tumor tissue, we have identi-
fied protein expression pattern in 39 normal breast tis-
sues obtained from patients included in the study. PSMA 
expression in normal glandular breast cells appeared in 
67% (26/39) of tested cases, of which 12 cases, 11 cases 
and 3 cases exhibited weak, moderate and strong staining 
respectively. In contrast, the vessels of the corresponding 
benign tissue did not display PSMA immunoreactivity and 

Fig. 1  HE and PSMA−/ CD31-IHC-staining in primary breast 
tumors. Line a: PSMA staining is negative in tumor cells as well as 
in tumor-associated neovasculature. Line b: PSMA staining is posi-
tive in tumor cells but not in tumor-associated neovascular. Line c: 

PSMA staining is positive in tumor-associated neovasculature but not 
in tumor cells. Line d: PSMA staining is positive in tumor cells as 
well as in tumor-associated neovasculature
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were completely PSMA negative except for one case that 
showed weak PSMA staining in the vessels. Immunostain-
ing for CD31-labeled antibody was present in virtually 
all vessels in each case (Fig. 2). There was no significant 

difference between PSMA-IRS of normal breast cells 
comparing to tumoral breast cells [IRS median (range): 
4 (0–12) vs 4 (0–8) respectively; p = 0.633 (Wilcoxon 
t-test)].

Table 3  Relation of PSMA 
immunoreactivity to 
clinicopathological factors

Expression was coded as (−) when IRS = 0–2 and as (+) when IRS = 4–12
NS not significant according to Fisher’s exact test

PSMA expression in primary breast tumors

Tumor cells/tumor-associated neovasculature

Factor Cases -/ - Number 
of cases

+/- Number 
of cases

-/+ Number 
of cases

+/+ Number 
of cases

P-value

Age
 < 60.7 34 6 5 13 10 NS
 ≥ 60.7 34 6 2 12 14

Menopause
 Premenopausal 16 3 3 6 4 NS
 Postmenopausal 52 9 4 19 20

Histological subtype
 Invasive ductal 51 5 5 20 21 0.026
 Other 17 7 2 5 3

T status
 T1 35 7 3 15 10 NS
 T2, T3, T4 32 5 4 10 13
 N status
 N0 35 9 5 12 9 NS
 N1, N2, N3 31 3 2 12 14

G status
 G1, G2 53 12 7 21 13 0.004
 G3 15 0 0 4 11

ER receptor
 ER− 11 0 0 5 6 NS
 ER+ 57 12 7 20 18
 PR receptor
 PR− 21 4 1 7 9 NS
 PR+ 47 8 6 18 15

Her2 receptor
 Her2− 60 11 7 22 20 NS
 Her2+ 8 1 0 3 4

Hormon status
 Triple negative 59 12 7 20 20 NS
 Not triple negative 9 0 0 5 4

Ki-67 Index (%)
 < 10% 15 5 0 7 3 NS
 = 10%-14% 21 4 5 5 7
 > 14% 28 2 2 11 13

CA-125
 > 29U/mL 25 8 2 10 5 NS
 < 29U/mL 9 1 1 3 4

M status
 M0 58 11 7 22 18 NS
 M1 10 1 0 3 6
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PSMA expression in distant metastases of BC

We further investigated PSMA expression in 12 different 
distant metastases secondary to BC including one metastasis 
in the lung, six metastases in the bone and five metastases 
in the brain. PSMA in tumor cells was positively expressed 
in 75% (9/12) of tested cases including 4 cases with weak 
staining and 5 cases with moderate staining. In addition, 
PSMA expression in tumor-associated neovasculature was 
positively expressed in 89% (8/9) of tested cases of which 4 
cases had strong staining (IRS = 9–12) (Table 4).

Within 7 matched primary breast tumors and corre-
sponding distant metastases, PSMA expression in tumor-
associated neovasculature was significantly higher in distant 
metastases comparing to the primary breast tumors [IRS 
median (range): 6 (2–12) vs 2 (0–6) respectively; p = 0.049 
(Wilcoxon t-test)]. However, PSMA-IRS in tumor cells 
showed no significant difference between metastases tumors 
and primary tumors [IRS median (range): 8 (2–8) vs 8 (4–8) 
respectively; p = 0.318 (Wilcoxon t-test)] (Fig. 3).

Then we have compared PSMA expression pattern 
between brain metastases and bone metastases (Fig. 4). 
PSMA-IRS in tumor cells did not differ between both 
metastases [IRS (average ± STD): 4.6 ± 3.2 vs 4.6 ± 2.4 
respectively; p = 0.970 (Student’s t-test)]. However, brain 
tumor-associated neovasculture had significantly higher 
expression of PSMA compared with bone tumor-associated 
neovasculture [IRS (average ± STD): 10.0 ± 2.7 vs 4.0 ± 2.0 
respectively; p = 0.014 (Student’s t-test)].

Prognostic significance of PSMA expression in BC

The relationship of OS and MFS with PSMA expression 
was evaluated. OS was defined from day of surgery until 
death. MFS was defined from day of surgery until the date 
of metastasis involvement for patients with metastasis and 
until the date of the last examination at our department for 
patients without metastasis. Study patients were divided in 
4 groups depending on PSMA expression in tumor cells and 
in tumor-associated neovasculature as mentioned above. No 

Fig. 2  HE and PSMA−/ CD31-IHC-staining in normal breast tissues. Line a: PSMA staining is positive in normal breast cells but not in the 
associated neovasculature. Line b: PSMA staining is negative both in normal breast cells and in the associated neovasculature

Table 4  Expression pattern of 
PSMA in 12 distant metastases 
secondary to BC

Data showed as number of cases and percentage

PSMA Staining pattern in distant metastasis secondary to BC

Negative
IRS: 0–2

Weak
IRS: 3–4

Moderate
IRS: 6–8

Strong
IRS: 9–12

All

PSMA in tumor cells 3 (25%) 4 (33%) 5 (42%) 0 (0%) 12 (100%)
PSMA in tumor-associ-

ated neovasculature
1 (11%) 2 (22%) 2 (22%) 4 (45%) 9 (100%)
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statistically significant influence of PSMA expression on OS 
or MFS was observed [Log-Rank (Mantel-Cox): p = 0.259 
and p = 0.413 respectively]. Therefore, PSMA expression 
had no prognostic role within our study collective.

Double IF staining of PSMA and CD31

Double IF staining was done to confirm the localized bind-
ing of PSMA mAb to the neovasculature endothelium. The 
qualitive outcomes of PSMA-IHC staining in the selected 
tested cases were completely identical with IF results 
(Fig. 5).

68Ga‑PSMA imaging of metastatic BC

A 79-year-old patient with metastatic BC, which had strong 
immunohistochemically expression of PSMA in bone metas-
tases, was referred to the department of nuclear medicine 
for 68Ga-PSAM imaging. The patient was subjected too to 
a Whole-body bone scan with 650 MBq 99Tc-MDP. Stand-
ard Staging with CT and MRI showed no lymph node- or 
visceral metastases. A whole-body PET/CT was done after 
60 min. post injection of 87 MBq 68Ga-PSMA-HBED-CC. 
68Ga-PSAM-PET-MIP showed a strong tracer uptake in all 
known skeletal metastases (Fig. 6).

Discussion

Numerous studies have suggested PSMA as an attractive 
target for the diagnosis and therapy of PC and demonstrated 
that this therapy is safe and has a low toxicity profile [28, 
29]. BC and PC are the two most common invasive cancers 
in women and men, respectively. Although the breast and the 
prostate are different in terms of anatomy and physiologi-
cal function, tumors that arise from them have remarkable 
underlying biological similarities. These facts prompted our 
interest to evaluate PSMA expression and its prognostic sig-
nificance in BC.

In the present study, we characterized PSMA expression 
in 72 patients with BC. IHC-staining was applied on the cor-
responding formalin-fixed paraffin-embedded blocks using 
PSMA mAb-clone 3E6 and CD31 mAb- clone JC70A from 

Fig. 3  PSMA expression pattern in 7 matched primary breast tumors and their corresponding distant metastases in tumor cells (a) and in tumor-
associated neovasculature (b). Results are presented as median (range)

Fig. 4  PSMA expression pattern in five brain metastases and six bone 
metastases. O: PSMA-IRS in tumor cells; delta: PSMA-IRS in tumor-
associated neovasculature
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DAKO. A wide variety of PSMA mAbs has been utilized 
in different detection methods. Therefore, in order to avoid 
inconsistent or even contradictory results we have reviewed 
the common mAbs that were applied for the IHC-detection 
of PSMA in various tumor entities. Then, we have chosen 
the most used mAb generally and the one that have been 
used for PSMA detection in BC particularly [30–32]. Addi-
tionally, because PSMA has been reported to be present 
in the endothelium of tumor vessels, we used a baseline 

vascular density score, via CD31staining, to determine the 
extent of PSMA staining in the neovasculture.

To date, our study is the second one that has assessed 
PSMA expression in a large cohort of patients with primary 
and metastatic BC next to Wernicke et al. study (72 and 
92 included cases respectively) [25]. In our study, PSMA 
expression was evaluated according to the final IRS values 
that were determined by multiplying the scores of intensity 
and extent of staining, ranging from 0 to 12. Results showed 

Fig. 5  IF staining of PSMA and CD31 in primary breast tumor. Line a: PSMA expression is positive in tumor-associated neovasculature and co-
localized with CD31. Line b: PSMA expression is negative in tumor-associated neovasculature

Fig. 6  90mTc-DPD planar whole-body shows widespread skeletal metastases (a, b), 63Ga-PSMA-PET-MIP shows a strong tracer uptake in all 
known skeletal metastases (c)
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that PSMA-immunoreactivity appeared in tumor cells as 
well as in tumor-associated neovasculature (72% and 46% 
of tested cases respectively). However, we found it notable 
that PSMA staining in tumor cells had more extent but less 
intensity compared to its staining in the tumor-associated 
neovasculature (data are not shown). PSMA expression in 
tumor cells was correlated weakly but significantly with 
its expression in tumor-associated neovasculture. In addi-
tion, 39 corresponding normal breast tissues from our study 
patients were tested and revealed that PSMA-staining was 
positive in normal glandular breast cells and completely 
negative in the associated vessels except one case that had 
low staining score. Our findings are consistent, in part, with 
Wernicke et al. results which observed that PSMA positiv-
ity appeared in tumor-associated vasculature in 90 out of 92 
cases. In the remaining two cases, weak staining was also 
seen in normal tissue-associated vasculature. In contrast to 
our observation, normal glandular breast tissue and carci-
noma cells were PSMA-negative in all studied cases.

PSMA expression in normal and/or tumorous breast has 
been also investigated in few studies. However, the number 
of tested specimens was very limited. Chang and coworkers 
used five different PSMA mAbs and showed that PSMA 
was positively reacted in the neovasculature but not in 
tumor cells of 5/6 of breast carcinoma cases. In addition, 
all 5 mAbs consistently reacted in mammary ductal epi-
thelium in 8 cases [32]. In another study by Kinoshita and 
colleagues, PSMA-expression showed moderate staining in 
normal breast parenchymal elements in 6 out of 6 cases and 
weak staining in 1 out of 5 ductal carcinomas [4]. Moreo-
ver, 8 breast phylloides tumor, which have been listed as 
total benign entities in a study by Mhawech-Fauceglia et al. 
were completely negative for PSMA staining [33]. Finally, 
PSMA expression was found to be associated with the neo-
vasculature of 7 out of 10 infiltrating ductal breast tumors 
[34]. These studies show conflicting observations concern-
ing PSMA expression in normal breast tissue and in breast 
tumor cells. The reason for this conflict is unclear; however, 
it might be due to using different anti-PSMA mAbs that 
recognize different epitopes of the protein or to the differ-
ences in the histological components of the tested mammary 
tissue. On the other hand, our finding that PSMA expression 
in the neovasculature is largely restricted to the endothelial 
cells within the pathologically defined tumor area is consist-
ent with the previous studies in addition to another recent 
study that has identified PSMA expression in primary breast 
tumors and related brain metastases from four patients [29].

Furthermore, our analysis showed that PSMA expression 
in the primary breast tumors was significantly correlated 
with histological subtype and tumor grading. In addition, 
no association was observed between PSMA expression 
and OS or MFS. These observations were inconsistent with 
Wernicke et al. findings which showed that increased PSMA 

score in the tumor-associated neovasculature was associated 
with worse OS when was analysed based on less than 50% 
staining vs more but not when was based on three different 
PSMA scores. These contradictory observations could be 
due to the different scoring methodology that has been used 
in each study. We intended in our study to apply a reference 
scoring methodology according to Remmele and Stegner 
[26] in order to be used as a standard for further studies 
to avoid any inconsistent outcomes that may be resulted 
from the different scoring methodology applied in data 
dichotomization.

In regard to PSMA expression in metastases second to 
BC, the quantification of PSMA staining in 12 different 
distant metastases from our patient’s cohort ruled out that, 
similarly to PSMA expression in the primary tumors, PSMA 
immunoreactivity in tumor-associated neovasculature was 
stronger in comparing to tumor cells. PSMA expression 
within our 7 matched primary tumors and their related dis-
tant metastases (3 at bone and 4 at brain) was not identical. 
This is in contrast to the findings of Wernicke et al. and 
Nomura et al. whereby PSMA expression was identical 
between primary breast tumor and their related brain metas-
tasis in 10 and 4 matched cases respectively. These contra-
dicted results can be related to the limited number of tested 
cases and, once again, to the different scoring methodology 
that have been used in each study. A notable finding of our 
study is that PSMA immunoreactivity in metastases second 
to BC did not demonstrate the same pattern. According to 
these observations, we suggest that PSMA expression in a 
distant metastasis second to BC cannot be predicted from 
its expression in the primary tumor and this expression is 
differently presented depending on the site of metastases.

The exact function of PSMA is yet unknown. A recent 
in vitro model by Bradbury and colleagues demonstrated 
that knockdown of PSMA in two metastatic human BC cell 
lines resulted in a reduction in the proliferative- and adhe-
siveness ability of the cells and a decrease in invasiveness- 
and migratory capacity. These effects were explained via 
the disrupted expression profile of different matrix metallo-
proteinases including MMP2, MMP3, MMP10 and MMP13 
which play a major role in cell behaviors [35]. Regarding the 
restricted PSMA expression to the tumor-associated neovas-
culature, it has been speculated that tumor microenviron-
ment may influence the differential expression of PSMA in 
the neovasculature. Liu and coworkers showed in an in vitro 
model that PSMA expression on cultured human umbili-
cal vein endothelial cells (HUVECs) was specifically lim-
ited to growth conditions with tumor-conditioned medium 
(TCM) derived from human BC cells (MDA-MB-231) in 
Matrigel [36]. The hypothesis that the cancer cell-HUVEC 
crosstalk can induce PSMA expression was further tested 
by Nguyen and colleagues who showed that conditioned 
media from several human cancer cell lines induced PSMA 
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expression in HUVECs, in vitro, and these lines induced 
PSMA, in vivo, in a HUVEC coimplantation mouse model 
presumably through induction by regulatory factors secreted 
by tumor cells. In adition, PSMA-expressing HUVECs have 
the capacity to internalize J591, a mAb that recognize the 
extracellular domain of PSMA [37]. PSMA expression in 
tumor-associated neovasculature has been proved in a wide 
variety of solid tumors including bladder cancer [23], colo-
rectal cancer [21], and renal cancer [22, 38] suggesting a 
plausible role of PSMA in endothelial cell biology. Indeed, 
it was shown that endothelial cells lacking PSMA show less 
efficient matrix invasion. This phenotype was suggested to 
reflect the function of PSMA in a regulatory loop involving 
ß1 integrin and PAK1, which mediate angiogenesis through 
cell invasion [39]. Furthermore, Godron and coworkers 
suggested that the PSMA-mediated folate uptake could be 
required to regenerate essential cofactors of endothelial 
nitric oxide synthase which is essential for the angiogenesis 
[3].

In light of these findings, in recent years, there has been 
a surge in development of both diagnostics and therapeu-
tics that take advantage of the expression and activity of 
PSMA. These include monoclonal antibodies, RNA apa-
tmers, small molecules, peptides, and vaccines [40]. We 
have shown in our study that 68Ga-PSMA-PET of one of 
our patients, which had strong immunohistochemically 
expression of PSMA in bone metastases, presented strong 
tracer uptake in all known skeletal metastases that have 
been identified with CT. Sathekge et al. reported a case of 
a 33-year-old woman with metastatic BC who underwent 
68Ga-PSMA and 18F-FDG PET/CT imaging for restaging. 
Images demonstrated intense skeletal uptake in the axial and 
appendicular skeleton with liver metastases suggesting that 
68Ga-PSMA may provide helpful prognostic information. 
Furthermore, 68Ga-PSMA-avid metastatic sites may aid in 
selecting tumors with high PSMA expression for PSMA-
directed therapy [41]. In addition, Sathekge et al. showed 
that the imaging using 68Ga-PSMA-HBED-CC PET in 
BC confirms the reported considerable variation of PSMA 
expression on human solid tumors using immunohisto-
chemistry [42]. These findings show that PSMA-targeted 
radionucleotide imaging may pose a novel option for therapy 
monitoring in advanced BC. In a phase I trial study using the 
PSMA-targeted docetaxel-containing nanoparticle BIND-
014 in patients with advanced solid tumors, one patient with 
cervical cancer metastatic to lymph nodes showed complete 
response. Radiographically confirmed partial responses 
could be detected in a KRAS-mutant lung adenocarcinoma, 
in an ampullary adenocarcinoma metastatic to the liver, in 
a case of BC and gastroesophageal cancer [43]. Another 
phase I study demonstrated that tumor-associated neovascu-
lature in multiple advanced metastatic solid cancers could 
be targeted with an Indium-111-labeled antibody (J591) 

binding the extracellular domain of PSMA. No objective 
tumor regression could be observed whereas toxicity was 
acceptable [44].

Taken together, our data provide strong evidence that 
PSMA is expressed in primary breast tumors and their dis-
tant metastases; therefore it may be considered as a potential 
diagnostic and therapeutic target. Nonetheless, we warrant 
IHC methodological standardization and further validation 
of the potential usefulness of PSMA as a prognostic marker 
in a larger prospective serial.
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