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A bs t r ac t
Background

In adult humans, the follicle-stimulating hormone (FSH) receptor is expressed only
in the granulosa cells of the ovary and the Sertoli cells of the testis. It is minimally
expressed by the endothelial cells of gonadal blood vessels.
Methods

We used immunohistochemical and immunoblotting techniques involving four separate FSH-receptor-specific monoclonal antibodies that recognize different FSH receptor epitopes and in situ hybridization to detect FSH receptor in tissue samples
from patients with a wide range of tumors. Immunoelectron microscopy was used
to detect FSH receptor in mouse tumors.
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Results

In all 1336 patients examined, FSH receptor was expressed by endothelial cells in
tumors of all grades, including early T1 tumors. The tumors were located in the prostate, breast, colon, pancreas, urinary bladder, kidney, lung, liver, stomach, testis, and
ovary. In specimens obtained during surgery performed to remove tumors, the FSH
receptor was not expressed in the normal tissues located more than 10 mm from the
tumors. The tumor lymphatic vessels did not express FSH receptor. The endothelial
cells that expressed FSH receptor were located at the periphery of the tumors in a
layer that was approximately 10 mm thick; this layer extended both into and outside
of the tumor. Immunoelectron microscopy in mice with xenograft tumors, after
perfusion with anti–FSH-receptor antibodies coupled to colloidal gold, showed that
the FSH receptor is exposed on the luminal endothelial surface and can bind and
internalize circulating ligands.

Copyright © 2010 Massachusetts Medical Society.

Conclusions

FSH receptor is selectively expressed on the surface of the blood vessels of a wide
range of tumors. (Funded by INSERM.)
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he follicle-stimulating hormone
(FSH) receptor is a glycosylated transmembrane protein that binds FSH and belongs
to the family of G-protein-coupled receptors. FSH,
a key hormone in mammalian reproduction, is
produced mainly in the anterior pituitary gland,
and the target organs are the ovary and testis. In
females, FSH stimulates follicular maturation and
estrogen production through aromatization of androgens.1 In males, FSH stimulates Sertoli-cell proliferation in immature testes and maintains normal spermatogenesis in adults.2
In adult humans and animals, the FSH receptor is known to be expressed only in the testicular Sertoli cells and the ovarian granulosa cells,3,4
and it is expressed in low levels in the endothelial cells of the ovary5 and testis.6 In the testis,
the FSH receptor mediates the translocation of
FSH across the blood-testis endothelial barrier
by a process of receptor-mediated transcytosis.6
We conducted a study to assess endothelial-cell
expression of the FSH receptor in blood vessels in
a wide range of human cancers.

Me thods
Tissue Specimens

Tumor specimens (see Table 1 in the Supplementary Appendix, available with the full text of this
article at NEJM.org) were obtained from 1336 patients immediately after surgery. The patients did
not receive cytotoxic agents or hormones before
surgery. The specimens were fixed in formalin
and embedded in paraffin. Five study investigators performed histologic analysis of each tumor
specimen. Gleason scores and stages for prostate
tumors were assigned according to the World
Health Organization guidelines.7 (The Gleason
score is the sum of the two most common histologic patterns or grades in a prostate tumor, each
of which is graded on a scale of 1 to 5, with 5 being the most cytologically aggressive.) The other
tumor types were graded histologically according to the standards of the American Joint Committee on Cancer.8
The protocol was approved by the institutional
review board or ethics committee at each study
site. Written informed consent was obtained at the
time of surgery from all living donors from whom
samples were obtained. Control samples consisted of normal tissue that routinely accompanies

1622

n engl j med 363;17

of

m e dic i n e

tumors removed by surgery. Donors of normal
tissue also provided written informed consent.
Antibodies

Two FSH-receptor antibodies, FSHR18 and
FSHR323, were purified from hybridomas (American Type Culture Collection numbers CRL-2688
and CRL-2689). Two other FSH-receptor antibodies,
FSHR190 and FSHR225, were provided by another researcher. The antibodies were shown to be
monospecific for the FSH receptor by the following three independent methods: immunoblotting
of cell extracts from ovarian specimens and of lysates of cell cultures transfected with FSH-receptor
complementary DNA (cDNA), coimmunoprecipitation of radiolabeled FSH from cells that express
the FSH receptor, and immunohistochemical detection of the FSH receptor in cells known to be
targets for the FSH in human tissues (granulosa
cells in the ovary and Sertoli cells in the testis).5
In Situ Hybridization and Confocal
Microscopy

In situ hybridization was performed with the use
of a biotinylated cDNA antisense oligonucleotide
probe9 (for details, see the Supplementary Appendix). Indirect immunofluorescence confocal
microscopy was performed on paraformaldehydefixed cryostat sections obtained from unfixed
frozen prostate specimens or on paraffin-embedded sections. The FSH receptor was detected with
the use of the FSHR323 antibody (for details, see
the Supplementary Appendix).
Immunoprecipitation, Electrophoresis,
and Western Blotting

Frozen tissue was solubilized in TRIS buffer
(pH 7.4) containing 0.4 M sodium chloride and
1.2% Triton X-100 (for details, see the Supplementary Appendix), and the FSHR323 antibody was
added to the supernatant. The complexes were captured on protein-A Sepharose beads and analyzed
by means of sodium dodecyl sulfate–polyacrylamide-gel electrophoresis (SDS-PAGE), followed
by immunoblotting with the use of the FSHR18
antibody.
Immunoelectron Microscopy

Tumors were generated by injecting nude mice
with LNCaP human prostate-cancer cells (for details, see the Supplementary Appendix). The blood

nejm.org

october 21, 2010

The New England Journal of Medicine
Downloaded from nejm.org on January 14, 2019. For personal use only. No other uses without permission.
Copyright © 2010 Massachusetts Medical Society. All rights reserved.

FSH-Receptor Expression in Tumor Blood Vessels

was removed by systemic perfusion, and anti-FSHreceptor antibodies coupled to colloidal gold were
systemically introduced by means of perfusion for
20 minutes. The vasculature was washed and processed for electron microscopy.6

R e sult s
Expression of FSH Receptor by Endothelial
Cells in Prostate Tumors

Our initial analysis was performed in human prostate tumors with the use of the anti–FSH-receptor
monoclonal antibody FSHR323. Immunohistochemical analysis of paraffin-embedded sections
revealed strong staining of endothelial cells in tumors (Fig. 1A). The FSH-receptor-positive blood
vessels were located at the periphery of the tumors, as detailed below. No staining of endothelial cells was visible in normal prostate tissue
(Fig. 1B), which was located more than 10 mm
outside the tumors in specimens obtained by total
prostatectomy. A faint FSH-receptor signal was
visible occasionally in the tumor cells (Fig. 1A).
No staining occurred when tissue sections obtained from patients with prostate cancer were incubated with nonimmune mouse IgG2a of the
same isotype as FSHR323 (Fig. 1A in the Supplementary Appendix), or when the primary antibody
was omitted (Fig. 1B in the Supplementary Appendix). The endothelial cells were identified as
belonging to blood vessels by costaining them
with an antibody against the vascular endothelial
marker, von Willebrand factor (Fig. 1F, 1G, and
1H). The lymphatic vessels in tumors, identified
with the use of the monoclonal antibody D2-40,
did not express the FSH receptor (Fig. 1D and 1E).
The identity of the antigen recognized in tumor
endothelial cells by the FSHR323 antibody was
confirmed by immunohistochemical analysis with
two other well-characterized monoclonal antibodies, FSHR190 and FSHR225, which bound epitopes of the FSH receptor that are different from
those recognized by FSHR3235 and revealed a
staining pattern identical to that of FSHR323
(Fig. 2 in the Supplementary Appendix).
The identity of the antigen was further confirmed by immunoprecipitation followed by detection with an independent monoclonal antibody.
Prostate-tumor extract was immunoprecipitated
with the use of the FSHR323 antibody, subjected
to SDS-PAGE, and analyzed by means of immu-
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noblotting with the use of FSHR18, which recognizes an epitope that is different from that
recognized by FSHR323.5 An 87-kD band corresponding to the known molecular weight of the
mature glycosylated FSH receptor5 was detected
in the prostate-cancer tissue (Fig. 2A). No FSHreceptor signal was visible in extracts from
normal-appearing prostate tissue obtained from
patients with prostate cancer (Fig. 2A). It is extremely improbable that a protein other than the
FSH receptor contains both epitopes recognized
by the two antibodies and has the same molecular weight as the FSH receptor. In situ hybridization confirmed the expression of FSH-receptor
RNA in the tumor endothelial cells (Fig. 2B and
2C). Thus, all three techniques used (immunohistochemical analysis with the use of three independent antibodies, immunoblotting, and in
situ hybridization) identified the FSH receptor.
The same consistent expression of the FSH
receptor by the endothelial cells of tumor blood
vessels was detected in tissue specimens obtained from all 773 patients with prostate cancer who were evaluated, and the absence of expression was confirmed in all associated normal
tissues. The lowest Gleason score in the tumors
analyzed was 5; this score characterizes tumors
of low malignant potential. Among the 773 tumors analyzed, 41% had Gleason scores of 5 or
6. The most advanced tumors analyzed had the
highest Gleason score, 10. FSH-receptor–positive
blood vessels were also detected in approximately
20% of benign prostatic hyperplasia specimens, in
vessels surrounding hyperplastic glands (Fig. 1C).
In contrast to the findings in the tumors, the FSHreceptor–positive vessels were present throughout
the hyperplastic areas, not only at the periphery.
The anatomical location of benign prostatic hyperplasia differed from the sites of most prostate
tumors10 and thus, FSH-receptor–based imaging
could be used to distinguish the two conditions.
Expression of FSH Receptor by Endothelial
Cells in Other Cancers and Nonmalignant
Tissues

Immunohistochemical studies similar to those
described above were performed for 10 other tumor types in a total of 563 patients (for details,
see Table 1 in the Supplementary Appendix). Approximately 70% of the tumors were grade I or II,
approximately 25% were grade III, and the re-
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Figure 1. Expression of Follicle-Stimulating Hormone (FSH) Receptor by Vascular Endothelial Cells in Human Prostate
Tumors.
Immunohistochemical analysis was performed on paraffin-embedded sections of human prostate tissues with the
use of the anti-FSH-receptor monoclonal antibody 323, followed by a secondary peroxidase-coupled antibody visualized with the use of the red-brown peroxidase-reaction product. Sections were also stained with hematoxylin (Panels A and B). A prostate tumor with a Gleason score of 6 showed strong staining of vascular endothelial cells (Panel A,
arrows), whereas blood vessels of normal prostate tissue were negative for the FSH receptor (Panel B, arrows). A faint
FSH-receptor signal was visible occasionally in the tumor cells (Panel A, asterisk). The FSH receptor was expressed
in the blood vessels of hyperplastic tissue in 20% of samples from patients with benign prostatic hyperplasia (Panel C,
arrows). In serial sections of tumor tissue, the blood vessels showed a strong presence of FSH receptor (Panel D),
whereas the lymphatic vessels, identified with the use of the monoclonal antibody D2-40 (Panel E), did not express
the FSH receptor. Double immunofluorescence on prostate-tumor tissue confirmed the identity of the cells expressing the FSH receptor (Panels F through H). An antibody against the vascular endothelial-cell marker von Willebrand
factor, followed by a green-labeled secondary antibody (Panel G), overlapped with the signal from the anti–FSHreceptor antibody detected by a secondary red-labeled antibody (Panel F). Merging of the two antibody signals with
a Nomarski image is shown in Panel H. The scale bar represents 25 μm in all panels.
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Localization of FSH Receptor at Tumor
Periphery

A general characteristic of the vessels with endothelial cells that expressed the FSH receptor in
prostate tumors was that they were located at
the periphery of the tumors, in shells that had a
thickness of approximately 10 mm (range, 7 to 15)
and extended a few millimeters both inside and
outside the tumor in the apparently normal tissue.
No FSH receptor-expressing vessels were detected
in the deeper areas of the tumors. Figure 4 shows
the distribution of the vessels expressing the FSH
receptor.
The same shell-type distribution of endothelial
cells expressing the FSH receptor was observed in
all 11 tumor types examined, with the exception
of renal-cell carcinomas; in the latter type, in approximately 30%, the FSH receptor was expressed
uniformly in the vessels throughout the tumor,
and in approximately 40%, the FSH receptor was
expressed only at the exterior of the tumor. The
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maining tumors were grade IV. Examples of other types of tumors are shown in Figure 3. In each
of the tumors analyzed, without exception, we detected consistent expression of the FSH receptor
by endothelial cells. As we found with the prostate tumors, occasional cancer cells were also
faintly stained in breast tumors and exocrine
pancreatic tumors (data not shown).
In all normal control samples, which were obtained from the same sections as the tumor samples, the endothelial cells of blood vessels were
negative for the FSH receptor (Fig. 3 in the Supplementary Appendix), with the exception of a
faint FSH-receptor signal that was barely visible
in the blood vessels of testes and ovaries (Fig. 4 in
the Supplementary Appendix), which are known to
express the FSH receptor.5,6
We also analyzed nonmalignant inflammatory,
regenerative, and proliferative tissues and found
that expression of the FSH receptor is not a general feature of such tissue responses. In samples
from patients with rheumatoid arthritis (Fig. 3B,
panel e), chronic pancreatitis (Fig. 3B, panel f),
Crohn’s disease, and wound healing (Fig. 5A, 5B,
and 5C in the Supplementary Appendix), no FSHreceptor expression was detected in the endothelial cells. In placental endothelial cells, high levels of FSH receptor were expressed in all vessels
(Fig. 5D in the Supplementary Appendix).

220 —
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Figure 2. Immunoblotting and In Situ Hybridization Confirmation of the
Identity of the Antigen Recognized in Tumors by the FSHR323 Antibody.
Panel A shows the results of immunoblotting to detect the follicle-stimulating hormone (FSH) receptor. Equal amounts of Triton X-100 extracts from
cancerous and normal prostate tissues from the same donor were immunoprecipitated with the FSHR323 antibody, subjected to sodium dodecyl
sulfate–polyacrylamide-gel electrophoresis under reducing conditions, and
transferred to nitrocellulose membranes. The samples were probed with
the FSHR18 monoclonal antibody detected by ECL. FSHR18 recognized an
epitope that was different from the epitope recognized by FSHR323. The arrow in the column of molecular-mass markers indicates the known size of
the mature glycosylated FSH receptor, 87 kD. The faint bands correspond
to the mouse IgG used for immunoprecipitation. When the experiment was
repeated with tissues obtained from four other patients, the results were
identical. Panels B and C show FSH-receptor–positive blood vessels (arrows)
detected by in situ hybridization. FSH-receptor messenger RNA was revealed
with the use of a biotinylated probe detected by a streptavidin–alkaline phosphatase conjugate, visualized by the purple phosphatase-reaction product.
The sections were also stained with methyl green. The specimens were
obtained from a patient with prostate cancer (Panel B) and a patient with
clear-cell renal-cell carcinoma (Panel C). The scale bars represent 25 μm.

percentage of vessels expressing the FSH receptor reached a maximum of 40 to 100% at the demarcation line between the tumor and the normal
tissue and decreased gradually to zero both toward the interior and away from the tumor. The
values for both shell thickness and maximum percentage of FSH-receptor–positive vessels were lowest in tumors of the exocrine pancreas and hepato-
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Figure 3. Tumor Tissues from Other Types of Human Cancers and Inflammatory Tissues.
The peroxidase-coupled antibody was visualized with the use of the red-brown peroxidase-reaction product. Sections were also stained with hematoxylin. All arrows shown point to
blood vessels. Panel A shows specimens obtained from patients with breast cancer in situ (a), non–small-cell lung cancer (b), liver adenocarcinoma (c), colon adenocarcinoma (d),
pancreatic adenocarcinoma (e), and stomach adenocarcinoma (f) (scale bar, 25 μm). Panel B shows specimens obtained from patients with a testis tumor (seminoma) (a), ovarian
cancer (b), urinary bladder cancer (c), and clear-cell renal-cell carcinoma (d). The FSH receptor was not expressed by the endothelial cells in specimens from patients with rheumatoid arthritis (in the synovial tissue) (e) and chronic pancreatitis (in the pancreatic parenchyma) (f) (scale bar, 25 μm).
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Tumor-specific endothelial receptors could be candidates for tumor imaging and therapy because
they may be directly accessible to intravenously
delivered agents, which may also accumulate in
the tumors after crossing the endothelial cells.

100

To assess whether endothelial FSH receptors are
accessible to intravenously delivered ligands, we
used an in situ animal model: mice that carried
LNCaP human xenograft tumors. The tumor endothelial cells in these mice express the FSH receptor (Fig. 6 in the Supplementary Appendix).
After perfusion of these mice for 20 minutes with
anti-FSH-receptor antibodies coupled to colloidal
gold, immunoelectron microscopy showed that in
tumors, gold particles were attached to the luminal aspect of the endothelium, on the plasmalemma proper (Fig. 5A), on the diaphragms of
fenestrae (Fig. 5B), and in the coated pits (Fig. 5C).
Particles were also visible in the interior of the
endothelial cells in coated vesicles (Fig. 5D), endocytic vesicles (Fig. 5E), and infrequently in multivesicular bodies (Fig. 5F). No tracer was detected
in the intercellular junctions of the endothelial
layer (Fig. 5G), indicating that no intercellular
transport occurred. Particles were also visible in
the lumen of channels that connect the luminal
and abluminal fronts of the endothelium and in
the subendothelial space adjacent to these structures (Fig. 7A in the Supplementary Appendix).
Accumulations of gold particles were infrequently visible in the interstitial space (Fig. 7B in the
Supplementary Appendix).
In contrast to the findings in the tumor endothelial cells, extremely rare gold particles were
observed in endothelial cells of normal organs
(lung and prostate) obtained from the same animals. Most microscopical fields did not show any
particles in the lung tissue (Fig. 5H) or the prostate tissue. The most likely explanation for their
presence is that they were the few unbound particles in the blood vessels that had not been removed by washing, and they were subsequently
n engl j med 363;17
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Figure 4. FSH-Receptor Expression According to Vessel Location.
The blood vessels were visualized with the use of anti–von Willebrand factor antibodies followed by Alexa-488 dye secondary antibodies, and FSH-
receptor–stained vessels were visualized by the FSHR323 antibody followed
by Alexa-555 dye–labeled secondary antibodies. The vessels were counted
on 148 microscopical digital images of tumors obtained from five patients.
Zero indicates the border of the tumor, the negative numbers indicate the
interior of the tumor, and the positive numbers indicate the exterior of the
tumor. The red circles and dashed line represent the percentage of FSHreceptor–expressing vessels. The blue squares indicate the total number
of vessels per square millimeter; the mean number was higher in the interior of the tumor than in the exterior (37±2 vs. 25±1 vessels per square millimeter, P<0.001 with the use of a two-tailed t-test). I bars denote standard
errors.

cross-linked by glutaraldehyde to the endothelialcell surface. In the tumors, the gold particles were
visible on all examined endothelial cells in all
blood-vessel profiles; by contrast, in testes, the
particles were present in only approximately 10%
of the vessels, on the endothelial-cell plasma membranes, and in coated pits, and at much lower
density than in the tumor blood vessels. Isolated
gold particles were also visible in rare cases in
the subendothelial space of the testes.

Discussion
We report FSH-receptor expression by endothelial cells of blood vessels in a wide range of tumors
in all 1336 patients examined. Two previous studies showed immunohistochemical detection of the
FSH receptor in the tumor cells of prostate adenocarcinomas.11,12 The presence of the FSH receptor in the endothelial cells was not mentioned,
possibly because specimens from the peripheral
areas had not been examined. This supposition
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Figure 5. Anti–FSH-Receptor Antibodies Coupled to Perfused Colloidal Gold in the Vasculature of Tumor-Bearing Mice.
Tumors generated by the prostate-cancer line LNCaP were excised after a 20-minute perfusion of the mice with
5-nm gold particles conjugated to FSHR323 and were processed for electron microscopy. Ultrathin sections were
stained with uranyl acetate and lead citrate. The conjugate particles were bound to the plasma membrane (Panel A),
to the diaphragms of fenestrae (Panel B), and to luminal coated pits (Panel C), and they were internalized in coated
vesicles (Panel D), endosomes (Panel E), and multivesicular bodies (Panel F). The particles did not cross the endothelial layer through the junctions (Panel G). No binding was visible on either the luminal plasma membrane or the
luminal caveolae associated with the surface of capillaries in the lung, the first organ of the mouse that was accessible by perfusion to the FSHR323-gold particles (Panel H). Scale bars in Panels A through F and Panel H represent
50 nm, and the scale bar in Panel G represents 100 nm.

cannot be verified because the antibodies are no
longer available.
The location of the FSH-receptor–positive vessels in the normal tissue immediately adjacent to
the tumor is consistent with the view that the tumor cells in the invasive front attract surrounding blood vessels toward the tumor, and during
this process, FSH-receptor expression is activated.
Another possibility is suggested by the observation that in breast tumors in humans, endothelial
cells proliferate at the tumor periphery but not in
the interior.13 Accordingly, FSH-receptor expression by endothelial cells may be associated with
their proliferation in this particular location.
1628
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If it becomes possible to exploit FSH-receptor
expression for imaging purposes, the location of
the FSH-receptor signal at the boundary between
the tumoral and the normal tissues should make
it useful for defining the target volume for radiation therapy or surgery.
If it can be shown that intravenously administered antibodies can detect tumor endothelial
cells, the presence of FSH receptor on the surface
of these cells in a wide range of tumors makes it
a potential target for both tumor imaging and
therapy. As shown in Figure 4 in the Supplementary Appendix, FSH-receptor density on the gonadal endothelial cells is much lower than that
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in tumors, and therefore, it may be possible to
find a therapeutic window so that the gonadal
vessels are not substantially affected. The Sertoli
and granulosa cells, which express high levels of
FSH receptor, could be spared if the toxic agents
targeted at the FSH receptor were delivered in a
particulate form that would not cross the bloodgonadal endothelial barrier. The volume that can
be targeted by FSH receptor represents a substantial fraction of the volume of small tumors (e.g.,
a 3-mm-thick peripheral layer inside a tumor with
a 2-cm diameter accounts for 66% of its volume,
leaving an unstained core with a 14-mm diameter). The functional relevance of the volume that
can be targeted may be even greater than its
geometric contribution because of a more intense proliferation of cancer cells at the tumor
periphery.14-19
Our in situ experiments cannot be considered
to be a proof-of-principle demonstration that the
FSH receptor expressed on tumor-associated blood
vessels can be exploited clinically. We removed
the blood from the mice before perfusing goldlabeled antibodies into vasculature. Our model
does not mimic a clinical application in humans.
The binding of FSH to FSH receptor in ovarian
granulosa cells induces an increase in hypoxiainducible factor 1α protein levels under normoxic
conditions, which in turn leads to up-regulation
of vascular endothelial growth factor (VEGF).20

This observation provides support for the speculation that FSH-receptor expression could induce VEGF and VEGF receptor 2 (VEGFR-2) signaling in tumor endothelial cells and thus promote
angiogenesis. The fact that FSH and FSH-receptor
signaling is known to generate activated Gq/11
protein21 suggests yet another biologic role for
the presence of the FSH receptor in tumor endothelial cells. Gq/11 has been shown to induce
VEGFR-2 signaling in human umbilical-vein
endothelial cells, even in the absence of VEGF.22
This effect may substantially enhance the proliferation and migration of endothelial cells in
cancer independently of VEGF availability. For
both mechanisms, we speculate that blocking
FSH-receptor signaling could be a new antitumor
strategy.
In conclusion, we found that the FSH receptor,
which was present on the endothelial surface of
blood vessels at the periphery of a wide range of
tumors, was accessible to agents injected intravenously.
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