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Abstract

Introduction After the onset of bone metastasis, tumor cells appear to modify surrounding microenvironments for their ben-
efit, and particularly, the levels of circulating fibroblast growth factor (FGF) 23 in patients with tumors have been highlighted.
Materials and methods We have attempted to verify if human breast carcinoma MDA-MB-231 cells metastasized in the long
bone of nu/nu mice would synthesize FGF23. Serum concentrations of calcium, phosphate (Pi) and FGF23 were measured
in control nu/nu mice, bone-metastasized mice, and mice with mammary gland injected with MDA-MB-231 cells mimick-
ing primary mammary tumors.

Results and conclusions MDA-MB-231 cells revealed intense FGF23 reactivity in metastasized lesions, whereas MDA-
MB-231 cells cultured in vitro or when injected into the mammary glands (without bone metastasis) showed weak FGF23
immunoreactivity. Although the bone-metastasized MDA-MB-231 cells abundantly synthesized FGF23, osteocytes adjacent
to the FGF23-immunopositive tumors, unlike intact osteocytes, showed no FGF23. Despite significantly elevated serum
FGF23 levels in bone-metastasized mice, there was no significant decrease in the serum Pi concentration when compared
with the intact mice and mice with a mass of MDA-MB-231 cells in mammary glands. The metastasized femora showed
increased expression and FGFR1 immunoreactivity in fibroblastic stromal cells, whereas femora of control mice showed
no obvious FGFR1 immunoreactivity. Taken together, it seems likely that MDA-MB-231 cells synthesize FGF23 when
metastasized to a bone, and thus affect FGFR 1-positive stromal cells in the metastasized tumor nest in a paracrine manner.
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Introduction

Bone metastasis is a critical condition in patients suffering
from a malignant tumor and induces osteolytic, osteogenic,
or combined lesions depending on the interaction between
tumor cells and bone cells. Animal models mimicking bone
metastasis in humans have been established to elucidate the
intrinsic pathological events of bone metastasis using cancer
cell lines: MDA-MB-231 cells of human breast carcinoma
selectively colonize the femur and tibia of nu/nu mice, thus
inducing osteolytic metastasis [1-5].

Among the various adverse events associated with osteo-
lytic metastasis, such as bone pain, numbness, paralysis, bone
fractures, and hypercalcemia, hypercalcemia is well known to
worsen the patient condition by inducing nausea, vomiting,
and consciousness disorder [6]. Tumor-induced osteomala-
cia/hypophosphatemia (TIO) is reportedly an adverse event
caused by long-lasting secretion of fibroblast growth factor 23
(FGF23) from the tumors [7-14]. In TIO, FGF23-secreting
tumors are typically present in patients; however, these tumors
are often small, slow-growing, and benign with mesenchymal
origin [12, 13]. Despite being pathologically different from
TIO, malignant tumors metastasized to bone may synthesize
FGF23. It is important to clarify if malignant tumors can
secrete FGF23 when the tumor metastasizes to the bone.

In a normal state, FGF23 is mainly synthesized by osteo-
cytes in adults [15, 16] and is circulated to reach the kidney.
FGF23 binds the receptor complex of FGFR1c/aklotho in
proximal renal tubules to inhibit phosphate reabsorption of
sodium phosphate by mediating co-transporter type Ila/Ilc,
consequently reducing the serum concentration of inorganic
phosphate (Pi) [17-21].

In this context, the following aspects seem of particular
interest: (1) whether malignant tumors could begin to secrete
abundant FGF23 when metastasized to bone, (2) and if so,
whether the secreted FGF23 by the tumors would affect the
systemic level of serum Pi or would influence tumor cells
themselves in the metastasized lesion. It is also of impor-
tance to clarify whether it is systemic hypophosphatemia or
elevated FGF23 that is beneficial for tumor proliferation,
matrix degradation, and surrounding tissue invasion.

Therefore, this study was designated to examine if metas-
tasized human breast carcinoma MDA-MB-231 cells syn-
thesize FGF23.

Materials and methods
Tissue preparation for histological examination
All animal experiments were conducted under the Guide-

lines for Animal Experimentation of Hokkaido Univer-
sity (Approval No.16-0031). Human breast carcinoma

MDA-MB-231 cells (American Type Culture Collection,
Rockville, MD) were cultured in a-minimum essential
medium («aMEM; Flow Laboratories, Irvine, Scotland)
supplemented with heat-inactivated 10% fetal bovine
serum (FBS; Cosmo Bio. Co. Ltd., Tokyo, Japan) at
37 °C in a humidified atmosphere of 5% CO,. As previ-
ously reported [2, 3, 5], MDA-MB-231 cells (105 cells
per mouse) were injected into the left cardiac ventricle of
5-6 week-old BALB/c nu/nu mice (CLEA Japan Co. Ltd,
Tokyo) using a 22-gauge needle; the mice were anesthe-
tized with an intraperitoneal injection of sodium pentobar-
bital (n=12). The same quantity of MDA-MB-231 cells
was subcutaneously injected in the region of mammary
glands of age-matched BALB/c nu/nu mice (n=12). For
control experiments, only Ringer’s solution was injected
into the left cardiac ventricle (n=12). After 4 weeks, the
femora of the treated mice were taken for soft X-ray exam-
ination (SOFRON Ltd, Tokyo, Japan). The body weight
of the control mice and metastasized mice was measured
(n=06 in each group). The nu/nu mice with bone metasta-
sis, those having developed tumor mass in the mammary
glands, and control mice were anesthetized with an intra-
peritoneal injection of sodium pentobarbital, and their
blood samples were collected through cardiac ventricles
to measure the concentrations of serum calcium (Ca), Pi,
and FGF23. Thereafter, the mice were perfused with 4%
paraformaldehyde diluted in 0.1 M phosphate buffer (pH
7.4), and the femora were removed and immersed in the
same fixative for 24 h at 4 °C for histochemical examina-
tion [22, 23]. The femora were then decalcified with 10%
ethylenediamine tetraacetic disodium salt (EDTA-2Na)
solution and dehydrated with increasing concentrations of
ethanol before paraffin embedding, whereas the specimens
obtained from tumor-injected mammary glands were dehy-
drated before paraffin embedding without decalcification.

Immunohistochemistry for dentin matrix
protein-1 (DMP-1), FGF23, FGFR1, and aklotho
in the metastatic lesion

After the inhibition of endogenous peroxidase activity
with methanol containing 0.3% hydrogen peroxidase for
30 min, dewaxed paraffin sections were pretreated with
1% bovine serum albumin (BSA; Seologicals Proteins
Inc., Kankakee, IL) in PBS (1% BSA-PBS) for 30 min.
The histological sections were then incubated with either
rabbit antibody against DMP-1 (No. M176, Takara Bio
Inc., Otsu, Japan) at a dilution of 1: 500 overnight at
4 °C, then, they were reacted with horseradish peroxidase
(HRP)-conjugated swine anti-rabbit IgG (No. P0399,
DakoCytomation, Glostrup, Denmark) at a dilution of 1:
100 for 1 h. Regarding the FGF23/FGFR1/aklotho axis,
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the histological sections were incubated with rat anti-
FGF23 (No. MAB26291, R&D systems, Inc., Minneapo-
lis, MN) at a dilution of 1: 100 for 2 h, and then, they
were reacted with HRP-conjugated rabbit anti-rat IgG (No.
A18921, Thermo Fisher Scientific Inc., Waltham, MA).
For the detection of FGFR1 and aklotho, the sections
were incubated with mouse monoclonal anti-FGFR1 (No.
ab824, Abcam plc., Cambridge, UK) at a dilution of 1:
25 or mouse monoclonal anti-mouse klotho antibody (No.
KL11-A, Thermo Fisher Scientific Inc., Waitham, MA) at
a dilution of 1: 50 for 2 h. These sections were then reacted
with HRP-conjugated rabbit anti-mouse IgG (No. 61-6520,
Invitrogen Co., Camarillo, CA) at a dilution of 1: 100 for
1 h. For visualizing all immunoreactions, diaminobenzi-
dine tetrahydrochloride (DAB) was used as the substrate.
All sections were counterstained with methyl green and
observed under a light microscope (Eclipse ES800, Nikon
Instruments Inc., Tokyo, Japan).

Double detection of tartrate-resistant acid
phosphatase (TRAP) and osteopontin

After the treatment with 0.3% hydrogen peroxidase and
1% BSA-PBS, the sections were incubated with rabbit
anti-osteopontin antisera (No. LB-4225, Cosmo Bio, Co.,
Ltd., Tokyo, Japan) at a dilution of 1: 2000 for 1 h, fol-
lowed by incubation with HRP-conjugated swine anti-rabbit
IgG (DakoCytomation). The immunoreacted sections were
subjected to the detection of TRAP enzymatic activity as
previously described [22]. Briefly, slides were rinsed with
PBS and incubated in a mixture of 2.5 mg of naphthol AS-BI
phosphate (Sigma-Aldrich Co. LLC, St. Louis, MS), 18 mg
of Red Violet LB (Sigma-Aldrich) salt, and 100-mM L
(+)-tartaric acid (0.76 g, Nacalai Tesque Inc., Kyoto, Japan)
diluted in 30 mL of 0.1 M sodium acetate buffer (pH 5.0)
for 15 min at 37 °C.

Immunocytochemistry of FGF23, FGFR1 and aKlotho
on cultured MDA-MB-231 cells

MDA-MB-231 cells were cultured on glass coverslips in
dishes with 3.5-cm diameter containing «MEM supple-
mented with heat-inactivated 10% FBS before immunocy-
tochemistry of FGF23, FGFR1 and aklotho. The specimens
were fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) for 2 h at RT. The specimens were rinsed
with PBS several times and then treated with 1% BSA-PBS
for 10 min. They were then incubated with rat anti-FGF23
(R&D systems) at a dilution of 1: 100 for 2 h and then with
HRP-conjugated rabbit anti-rat IgG at a dilution of 1: 100 for
1 h. For the detection of FGFR1 and aklotho, the specimens
were incubated with mouse anti-FGFR1 (Abcam PLC) at
a dilution of 1: 25 or mouse anti-mouse klotho antibody
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(Thermo Fisher Scientific Inc.) at a dilution of 1: 50 for
2 h. These sections were then reacted with HRP-conjugated
rabbit anti-mouse IgG (Invitrogen Co. A) at a dilution of
1: 100 for 1 h. For visualizing the immunoreaction, DAB
was used as the substrate, and the specimens were faintly
counterstained with methyl green before observation under
a light microscope.

Immunoblotting of FGF23 in control
and metastasized femora

The femora obtained from control mice or mice metasta-
sized with MDA-MB-231 were extracted after euthanasia
with an intraperitoneal injection of sodium pentobarbital.
To prepare femur protein, the femora were frozen for stor-
age, and then ground to a fine powder using a mortar and
pestle cooled in liquid nitrogen. Protein from the powdered
femora was lysed using RIPA buffer (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) and collected
after centrifugation at 4 °C (13,000 rpm, 30 min). Total
protein was quantified using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific Inc., Waltham, MA) and
denatured by boiling at 100 °C for 5 min in 5 X sample
buffer. The same amount of total protein in each sample
was separated with 10% Mini-Protean TGX gels (Bio-
Rad Laboratories, Inc., Hercules, CA) and electrophoreti-
cally transferred onto polyvinylidene difluoride (PVDF)
membranes (Bio-Rad Laboratories Inc., Hercules, CA).
After blocking with 2% BSA (Sigma-Aldrich, St. Louis,
MO) in Tris-buffered saline with Tween 20 (TBS-T) for
1 h at RT, the membranes were incubated with FGF23
primary antibody (product no. MAB26291, R&D systems
Inc., Minneapolis, MN) at 1:600 dilution in 2% BSA in
TBS-T at 4 °C overnight. Thereafter, the membranes were
incubated with HRP-conjugated anti-rat secondary anti-
body (Thermo Fisher Scientific Inc.) at 1:10,000 for 1 h
at RT. After washing, antigen—antibody complexes were
visualized with ECL Prime Western Blotting Detection
Reagent (GE Healthcare Life Sciences Inc., Chicago, IL).
Image capture and analysis were performed using Image-
Quant LAS 4000 (GE Healthcare Life Sciences Inc.) and
ImageQuant TL version 8.1 (Cytiva, Tokyo, Japan). To
normalize the signal intensity of FGF23 protein, we per-
formed the Coomassie brilliant blue gel staining for total
protein according to Hu et al. [24] and Nie et al. [25]. The
same amount of total protein in each sample was separated
with 10% Mini-Protean TGX gels, and then incubated in
Coomassie brilliant blue solution (CBB, 0.1% R2350, 25%
isopropanol, 10% acetic acid) for 45 min. They were then
de-stained using the de-stain solution (10% acetic acid, 7%
ethanol) overnight. Lastly, the stained gels were washed
with distilled water and captured using ImageQuant LAS
4000 (GE Healthcare Life Sciences Inc.) and ImageQuant
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«Fig. 1 Radiograph and histology of the femora in nu/nu mice bear-
ing bone-metastasized MDA-MB-231 cells. Soft X-ray analysis dem-
onstrates the translucent areas representing osteolytic metastases in
the distal metaphyses of the femora and proximal metaphyses of the
tibiae (a, white arrows in an inset). H-E staining shows a large tumor
nest of MDA-MB-231 cells and few trabeculae in the femoral metas-
tasized lesion (b). In the metastatic lesion, many TRAP-positive oste-
oclasts (red color) are located on the scalloped bone surface intensely
positive for osteopontin immunoreactivity (brown color, white arrows
in d) (c and d). Panel d is a highly magnified image of c. #b trabecula,
BM bone marrow. Bars, a: 1 cm, b: 500 pm, ¢: 30 pm, d: 20 pm

TL version 8.1 (Cytiva, Tokyo, Japan). The results of the
normalized FGF23 protein are presented as the relative
protein expression. The fold-change in FGF23 protein
expression relative to the control was calculated using
ImageQuant TL version 8.1.

Measurement of serum FGF23, Ca, Pi, intact PTH,
1a,25(0H),D;, and CRE

Blood samples were obtained from all mice: control mice,
mice metastasized with MDA-MB-231, and mice bear-
ing MDA-MB-231 in the regions of the mammary glands
(n=6 each), as previously reported [26]. Serum samples
were stored at — 30 °C before assaying. Serum levels of
Ca, Pi, intact PTH, 1a,25(0OH),D;, and creatinine (CRE)
were quantified by Oriental Yeast Co., Ltd. Serum intact
FGF23 was quantified using sandwich ELISA kits (Kainos
Laboratories, Tokyo, Japan) as previously reported [27].
All assays were performed in accordance with the manu-
facturers’ instructions.

Statistical analysis

Statistical analyses on the serum concentration of FGF23,
Pi, and calcium were assessed using one-way ANOVA fol-
lowed by the Tukey—Kramer multiple comparisons test as
reported previously [26], whereas statistical analyses on
the serum concentration of intact PTH, 1a,25(0OH),D3,
and CRE, the quantified image of mRNA expression of
FGF23, FGFR1, and aklotho, and the quantified image of
protein expression of FGF23 were conducted using Stu-
dent’s ¢ test. All values are presented as mean + SE (stand-
ard error). Values of P < 0.05 were considered statistically
significant.
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RT-PCR and real-time PCR for the expression
of Fgf 23, Fgfr1, aKlotho, and Gapdh in the femora
and mammary glands

To evaluate the mRNAs encoding Fgf23, Fgfrl, aKlotho,
and Gapdh, total RNA was extracted from the femora of
control mice, the femora of mice metastasized with MDA-
MB-231 cells, the mammary glands of control mice, and
mammary glands injected with MDA-MB-231 cells, as pre-
viously reported [16]. In brief, the metastasized femora were
sagitally cut, and the bone-metastasized tumor nests inside
the femora were confirmed under a binocular microscope
and then extracted from the femora. The control femora and
metastasized MDA-MB-231 cells in the femora, as well
as the control and MDA-MB-231 cell-injected mammary
glands were homogenized in 10 mL of TRIzol reagent (Life
Technologies Co., Carlsbad, CA) per 1 g of tissue to extract
total RNA. The obtained RNA pellet was washed with
1 mL of 75% ethanol, briefly air-dried, and then dissolved
in DEPC-treated water. First-strand cDNA was synthesized
from 2 pg of total RNA using a SuperScript VILO cDNA
Synthesis Kit (Life Technologies).

The primer sequences were as follows:

mouse Gapdh Forward TGTCTTCACCACCATGGA
GAAGG

Reverse GTGGATGCAGGGATGATGTTCTG

mouse Fgf23 Forward TGTCAGATTTCAAACTCAG

Reverse GGATAGGCTCTAGCAGTG

mouse Fgfrl Forward CTTGACGTCGTGGAACGA
TCT

Reverse AGAACGGTCAACCATGCAGAG

mouse aKlotho Forward TGGCTTTCCTCCTTTAC

Reverse AGGTTTGCGTAGTCT

The PCR was performed using a thermal cycler as fol-
lows: denaturation at 94 °C for 30 s, annealing at 60 °C
(for Gapdh) or 55 °C (for Fgf23, Fgfrilc, and aKlotho) for
30 s, extension at 72 °C for 30 s, and a final incubation
at 72 °C for 10 min. RT-PCR products were subjected to
1.5% agarose gel electrophoresis, stained with ethidium bro-
mide, and detected using an E-Gel Imager (Life Technolo-
gies). Real-time PCR assays were performed using Taqgman
probes (Applied Biosystems) for the gene expression of
Fgf23 (Mm00445621_m1), Fgfrl (Mm00438930_m1), and
aKlotho (Mm00502002_m1). Gene expression was detected
using the StepOne Real-Time PCR System (Applied Biosys-
tems), and levels were normalized to Gapdh (Mm99999915_
g1) expression. The results are presented as the relative gene
expression. The fold-change in gene expression relative to
the control was calculated using the 2AACt method with
StepOne Real-Time PCR System Software v2.2.2.
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Results
Osteolytic bone metastasis by MDA-MB-231 cells

After 4 weeks, the average body weight of the con-
trol mice was 20.3 +0.3 g and that of the metastasized
mice was 15.6 £ 0.5 g, showing a significant difference
(p <0.001). Soft X-ray analysis revealed broad translu-
cent areas representing metastatic lesions in the metaphy-
ses of both the left and right femora and tibiae of nu/nu
mice (Fig. 1a). Consistent with the findings of soft X-ray
analysis, histological observation revealed huge masses of
metastasized MDA-MB-231 cells in the femoral metaphy-
ses (Fig. 1b). The metastasized tumor nests had a higher
cell density than the surrounding bone marrow. Inside the
metastasized lesion, there were only a few fragmented tra-
beculae featuring intense osteopontin-reactive lines and
many TRAP-positive osteoclasts, indicating osteolytic
lesion (Fig. 1c and d).

Immunolocalization of FGF23 in MDA-MB-231 cells
and osteocytes in bone of the metastasized lesion

The cultured MDA-MB-231 cells showed very weak FGF23
immunoreactivity in vitro as shown in Fig. 5g. However,
after the onset of bone metastasis, MDA-MB-231 cells
metastasized in the femoral metaphyses demonstrated
markedly intense FGF23 immunoreactivity (Fig. 2a).
The osteocytes in metaphyseal trabeculae surrounded by
the metastasized MDA-MB-231 cells showed no FGF23
immunoreactivity, whereas those in trabeculae distant from
the metastatic lesion showed FGF23-immmunopositivity
(Compare Fig. 2b and c). Western blotting coincidently
demonstrated an intense band of 32-kDa full-length FGF23
in the metastasized femora, compared to the control speci-
mens (Fig. 2d). Image capture and analysis revealed that
the index of FGF23 protein expression normalized by the
total protein intensity (Fig. 2f and g) was 1.00+0.15 in the
control femora and 3.58 +0.38 in the metastasized femora
(n=06 for each, p <0.001) (Fig. 2e). Likely, osteocytes in the
diaphyseal cortical bone adjacent to the metastasized tumor
nests showed no FGF23 immunoreactivity, whereas those
distant from the metastatic lesion showed intense FGF23
immunoreactivity (Fig. 3a, Compare 3c and e). Despite the
disappearance of FGF23 in osteocytes adjacent to the metas-
tasized tumors, DMP-1, another osteocyte-derived molecule,
was abundantly expressed in osteocytes in the cortical bone
adjacent to the metastasized tumor nests (Fig. 3b, See 3d and
f), suggesting that osteocytes close to the metastasized tumor
cells were inhibited to synthesize FGF23 but not DMP-1.

Serum concentration of FGF23, Ca, Pi, intact PTH,
1a,25(0H),D;, and CRE in mice

Mice with bone metastasis showed significantly higher
serum FGF23 levels than those bearing mammary glands
with MDA-MB-231 cell injection (386 +59 pg/mL vs.
230+9 pg/mL, p <0.05) and control mice without injection
of tumor cells (386 +59 pg/mL vs. 156 + 18 pg/mL, p <0.01)
(Fig. 4a). Despite the increased concentration of serum
FGF23, there was no significant difference in serum Pi lev-
els among mice with bone metastasis (8.30+0.58 mg/dL),
mice with subcutaneous tumor injection in mammary glands
(8.62+0.61 mg/dL), and control mice (8.20+0.46 mg/
dL) (Fig. 4b). Similarly, there was no significant differ-
ence in serum Ca levels among mice with bone metastasis
(7.90+0.22 mg/dL), mice with subcutaneous tumor injec-
tion in mammary glands (8.36 +0.26 mg/dL), and control
mice (7.82+0.13 mg/dL) (Fig. 4c). However, all levels of
intact PTH and 1a,25(OH),D; were reduced in the metas-
tasized mice compared with the control mice, all showing
significant differences (Fig. 4d, e). The concentration of
intact PTH was 169.0 +50.2 pg/mL for control mice and
35.4+4.2 pg/mL for metastasized mice (p <0.001, Fig. 4d);
the concentration of 1a,25(OH)2D3 was 18.6 + 1.4 pg/
mL in control mice and 10.1+ 1.8 pg/mL in metastasized
mice (p <0.01, Fig. 4e). In contrast, CRE was significantly
increased in the metastasized mice (0.155 +0.032 mg/dL)
compared with the control mice (0.084 +0.006 mg/dL)
(p<0.05, Fig. 4f).

The immunolocalization of FGFR1 and aklotho
in the metastasized femora and mammary glands
injected with MDA-MB-231 cells

Since bone-metastasized MDA-MB-231 cells did not affect
the serum concentration of Pi, we examined the possibility
that FGF23 secreted by tumor cells affects the cells them-
selves by mediating its receptor. Consequently, FGFR1
immunoreactivity was observed in fibroblastic stromal cells
that extended their cytoplasmic processes in the metasta-
sized lesion (Fig. 5a, b). Some fibroblastic stromal cells in
tumor nests also showed weak immunoreactivity of aklotho
(Fig. 5¢). To verify whether the synthesis of aklotho and
FGFR1 of MDA-MB-231 cells is affected by bone metas-
tasis, we additionally examined the immunolocalization
of aklotho and FGFR1 in cultured MDA-MB-231 cells
and in the tumor nests of MDA-MB-231 subcutaneously
injected into the mammary glands (Fig. 5d—i). The tumor
nests containing large amounts of MDA-MB-231 cells in
the mammary glands demonstrated weak FGF23 (Fig. 5d)
and FGFR1 (Fig. 5e) expression, but no aklotho (Fig. 5f).
Cultured MDA-MB-231 cells did not show obvious immu-
noreactivity of aklotho (Fig. 51) or FGFR1 (Fig. 5h).
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Fig.2 Immunohistochemistry
of FGF23 in bone-metastasized
MDA-MB-231 cells in the fem-
oral metaphyses. The metasta-
sized tumor nests in the femora
display intense FGF23 immu-
noreactivity (brown, a). Panel b
is a highly magnified image of
the boxed area in a. Note that
osteocytes (ocy) surrounded

by FGF23-positive tumor cells
do not exhibit FGF23 immu-
noreactivity (b). However,
many osteocytes distant from
the tumor nest exhibit apparent
immunoreactivity of FGF23
(c). Western blotting detects
higher intensity of full-length
FGF23 expression (32 kDa) in
the femora with metastasized
MDA-MB-231 cells compared
to the control femora (d). The
index of FGF23 protein expres-
sion is about 3.6-fold higher in
the femora with metastasized
MDA-MB-231 cells relative to
the control femora (e). Panel f
shows the gel staining images
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Fig. 3 Immunohistochemistry
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DMP-1 (brown). Osteocytes in
the cortical bone close to the
FGF23-positive tumor nests
(above the dotted line) do not
appear positive for FGF23,
whereas osteocytes below

the dotted lines show FGF23
immunopositivity. In contrast,
DMP-1 positivity can be seen
in all osteocytes in the cortical
bone regardless of the distance
from the tumor nest (note that
the osteocytes both above and
below the dotted line are DMP-
1-positive). Panels ¢ and d are
higher magnified images of the
cortical bone adjacent to the
tumor nest. No osteocytes show
FGF23 (c), but all osteocytes
display DMP-1 immunoreactiv-
ity (d). In a distant region from
the tumor nest, osteocytes reveal
immunopositivity for both
FGF23 (e) and DMP-1 (f). Bars,
a, b: 50 pm, c—f: 30 pm
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Fig.4 Statistical analyses on serum concentration of Ca, Pi, FGF23,
intact PTH, 1a,25(OH),D;, and CRE in mice. The concentrations of
serum FGF23 are 156+ 18 pg/mL, 386 +59 pg/mL, and 230+9 pg/
mL in control mice, mice with bone metastases, and mice with sub-
cutaneous injections of MDA-MB-231 cells in the region of the
mammary glands, respectively (a). There are significant differences
between control mice and mice with bone metastases as well as

Gene expression of Fgf23, Fgfr1 and aKlotho
in the control and metastasized femora and control
and MDA-MB-231 cell-injected mammary glands

Both RT-PCR and real-time PCR demonstrated the ele-
vated expression of Fgfrl in the metastasized femora com-
pared to the control femora. The relative expression ratio
was 1.00+0.03 in the control femora and 2.16 +0.09 in
the metastasized femora (p <0.001). However, there was
no significant difference in Fgf23 and aklotho expression
between the control and metastasized femora (Fig. 6a,
b). In contrast, there was no significant difference in
Fgf23 expression between the control and the MDA-
MB-231 cell-injected mammary glands (Fig. 6¢, d). How-
ever, genes encoding Fgfrl and aklotho were markedly
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between mice with bone metastases and mice injected with MDA-
MB-231 cells in the mammary glands. Serum Pi (b) and calcium (c)
do not show significant differences between groups. Intact PTH and
1a,,25(0OH),Dj; levels are significantly lower in mice with bone metas-
tases than in control mice (d and e), while CRE levels in mice with
bone metastases are significantly higher than those in control mice (f)

reduced in mammary glands injected with MDA-MB-231
cells (Fgfrl: 1.00+0.08 in control mammary glands and
0.66 +0.04 in mammary glands injected with MDA-
MB-231 cells, p<0.01; aklotho: 1.00+0.16 in control
mammary glands and 0.00 +0.00 in mammary glands
injected with MDA-MB-231 cells, p <0.001).

Discussion

This study shows that (1) MDA-MB-231 cells synthe-
sized FGF23 when metastasized to a bone, even though
they did not produce FGF23 in other conditions, such as
in cell culture or when injected into mammary glands; (2)
osteocytes were inhibited from synthesizing FGF23 when
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Fig.5 The immunolocalization
of FGFR1 and aklotho in the
metastasized femora and the

immunolocalization of FGF23, lv:—.@.ﬁu[: u.\'LL ,3\:{\!‘41-3‘_; ST Y, |

FGFR1, and aklotho in the
cultured MDA-MB231 cells and
mammary glands injected with
MDA-MB-231 cells. Fibroblas-
tic stromal cells (white arrow-
heads in a and b) but not cuboi- ;
dal tumor cells (black arrows in ) «
a and b) of metastasized tumor o
nests are positive for FGFR1
(brown color; panels a and b are
obtained from the central and
peripheral region of the metas- _fumor nest.
tasized lesion, respectively). !
Fibroblastic stromal cells also
exhibit faint aklotho immuno-
reactivity (see faint brown color
in fibroblastic stromal cells as
indicated by black arrows in

the inset in panel ¢). Panels d—f T P A
show the immunohistochem- O( 11[::1.}-&1&’2' ’.
istry of FGF23, FGFR1, and LDX:‘\H\VLEEZ}G@)

aklotho in the mammary glands
after the subcutaneous injec-
tion of MAD-MB-231 cells,
whereas panels g—i demonstrate
the immunohistochemistry of
FGF23, FGFR1, and aklotho

in cultured MAD-MB-231

cells. See accumulated tumor
cells without obvious immuno-
reactivity of FGF23, FGFR1,
and oklotho (brown color,

d-f). Immunohistochemistry

of FGFR1 and aklotho also
demonstrate no immunoreaction
in cultured MAD-MB-231 cells AR
(h and i). In contrast, cultured r (j . ) 7
MDA-MB-231 cells show very mammal Y/ C in nd
faint FGF23 immunoreactivity TS % P Z
(brown) (g). Note no immu-
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cells. Bars: a—c: 50 pm, d-{:
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Fig.6 Gene expression of Fgf23, Fgfrl and aKlotho in control and
metastasized femora and control and MDA-MB-231 cell-injected
mammary glands. Panels a and b show the gene expression of Fgf23,
Fgfrl, and aKlotho in the control and metastasized femora (a: real-
time PCR, b: RT-PCR), while panel ¢ and d depict the gene expres-
sion of Fgf23, Fgfrl, and aKlotho in the control and MDA-MB-231
cell-injected mammary glands (c: real-time PCR, d: RT-PCR). In
the metastasized femora, the gene expression of Fgfrl is signifi-
cantly increased compared to the control femora (a, b). Both Fgf23
and aKlotho gene expression are comparable between the con-
trol and metastasized femora (a, b). Note that gene levels of Fgfr]
and aKlotho are significantly decreased in the MDA-MB-231 cell-
injected mammary glands compared to the control mammary glands
(c, d). There is no significant difference in Fgf23 between the control
and MDA-MB-231 cell-injected mammary glands
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closely surrounded by FGF23-secreting MDA-MB-231
cells, while osteocytes apart from MDA-MB-231 cells syn-
thesized FGF23; (3) despite highly elevated serum concen-
trations of FGF23, there was no significant change in the
serum concentration of Pi, while the serum levels of intact
PTH and 1a,25(0OH),D; were significantly reduced and the
concentration of serum CRE was elevated in mice with bone
metastases; (4) consistent with the elevated expression of the
Fgfrl gene, intense FGFR1 immunoreactivity was observed
in fibroblastic stromal cells in metastasized tumor nests; and
(5) the metastasized femora demonstrated a comparable
expression of klotho gene compared to the control femora.
Taken together, we can hypothesize that MDA-MB-231 cells
synthesize FGF23 when metastasized to a bone, presumably
not only systemically affecting the serum Pi concentration
in the kidney but also permitting the tumor-derived FGF23
to affect the FGFR1-positive stromal cells in a paracrine
manner in the tumor nest.

This may raise a question of how and why MDA-
MB-231 cells acquired to synthesize FGF23 after the onset
of bone metastasis. There are several reports on the regula-
tion of FGF23 expression in various states: pro-inflamma-
tory stimuli are reportedly capable of increasing osteocytic
secretion of FGF23 [28]; insulin suppresses the FGF23
production [29]; the disrupted function of neurofibroma-
tosis type 1 induces osteocytes to synthesize abundant
FGF23 [30]; and tumor necrosis factor stimulates FGF23
levels in chronic kidney disease and non-renal inflam-
mation [31]. In this study, the micro-circumstance of the
metastasized lesion might have been able to induce MDA-
MB-231 to secrete FGF23. In our previous report, the
embryonic and infant stages of bone expressed abundant
FGFR1 and aklotho, and FGF23 was produced mainly by
osteoblastic cells rather than osteocytes in the embryonic
stage [16]. However, as mice grow, FGF23-synthesizing
cells were seen to chronologically shift from osteoblastic
cells to osteocytes. Therefore, like the embryonic stage,
the micro-circumstance of the metastatic lesion could have
induced the ectopic synthesis of FGF23 in metastasized
MDA-MB-231 cells.

More importantly, Kaludjerovic et al. stated that klotho
in the bone is crucial for inducing FGF23 production upon
renal failure [32]. In addition, Xiao et al. have consistently
documented that klotho stimulates FGF23 expression in
osteoblasts, leading to elevated Fgf23 expression in bone
[33]. Fukumoto’s team showed that FGF23-producing
tumors caused TIO-expressed klotho in spindle-shaped cells
in the tumor lesion [34]. In accordance with these reports,
the current study demonstrated many FGFR 1-immunoreac-
tive fibroblastic stromal cells and some klotho-positive stro-
mal cells in metastasized lesions, as well as elevated gene
expression of FGFR1 in the metastasized femora. Therefore,
we assume that FGF23 secreted by MDA-MB-231 cells may
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affect fibroblastic stromal cells in metastasized lesions. In
particular, we speculate that FGF23 secreted by metastasized
MDA-MB-231 cells would bind to FGFR1, forming a com-
plex with klotho, which then accelerates FGF23 synthesis by
MDA-MB-231 cells in the metastasized lesion. This strongly
suggests a positive feedback loop mediated by klotho and
FGFR1 in a paracrine manner. However, to verify this pos-
sibility, we would need to conduct future work to clarify
the cellular interaction between FGF23-synthesizing MDA-
MB-231 cells and FGFR1-bearing fibroblastic stromal cells
in the metastasized lesion.

In contrast to FGF23 synthesis by MDA-MB-231 cells,
the reason for only osteocytes close to FGF23-secreting
MDA-MB-231 cells being markedly inhibited for FGF23
synthesis still remains unknown. Even though FGF23 syn-
thesis was inhibited, the osteocytes showed intense immu-
noreactivity of DMP-1, which is a predominant hallmark
of osteocytes [35]. Therefore, we postulate that osteocytes
close to FGF23-secreting MDA-MB-231 cells were selec-
tively inhibited for FGF23 synthesis. Taken together, we
could assume that FGF23 secreted by MDA-MB-231 cells
but not by osteocytes may play a pivotal role in supporting
and maintaining bone metastasis and its growth.

The serum concentration of FGF23 became 2.5 times
higher in metastasized bone than in control specimens, and
MDA-MB-231 cells in the metastasized lesion demonstrated
broad and intense immunoreactivity of FGF23. However,
the serum concentration of Pi was not significantly reduced
in metastasized mice. Therefore, our findings seem to be of
a different state from TIO [7-14], because the other long
bones without tumor nests in the nu/nu mice did not show
osteomalatic histology (data not shown). In addition, TIO
may be caused by long-running secretin of FGF23, even
though it is a small amount volume of FGF23 [12, 13].

Notably, no significant decrease in Pi occurred despite
markedly elevated FGF23. Initially, we assumed that this
contradictory phenomenon may be due to the fact that the
FGF23 secreted by tumor cells is subjected to immediate
processing at the C-terminus of this molecule before reach-
ing the kidney [33]. However, consistent with the elevated
concentration of serum FGF23, the western blotting of
FGF23 in the metastasized femora implies that the metas-
tasized tumor cells abundantly secrete full-length FGF23.
Therefore, the lack of significant change in serum Pi con-
centration may be because a reduced concentration of serum
intact PTH may lead to the accelerated reabsorption of Pi in
the kidney (presumably in the proximal tubules). It is likely
that the increased CRE level, indicative of the reduced kid-
ney function, may play a more central role in offsetting the
phosphaturic effect of FGF23.

If so, it may raise the question of what the possible
mechanism is for decreased kidney function. We hypoth-
esize that one reason for the decreased kidney function in

the metastasized mice is the cancer-associated kidney com-
plications. Recently, it has been reported that both acute
and chronic kidney diseases often occur in cancer patients
[36]. The kidney diseases associated with cancer patients are
caused by hypercalcemia, invasion of malignant tumors to
the kidney, paraneoplastic glomerulopathy, chemotherapy,
etc. Consistent with this report, the mice with bone metas-
tasis in the current study may demonstrate elevated CRE
concentrations that are indicative of decreased kidney func-
tion. Since FGF23 inhibits the synthesis of 1a,25(0OH),D;
by inhibiting 1a-hydroxylase in the kidney, the significantly
reduced serum levels of 1a,25(OH),D; that we detected do
not seem surprising. However, it is ambiguous why the
serum level of intact PTH was markedly reduced in mice
with bone metastases. We postulate the following reasons
for the reduction of intact PTH in our mice model: (1) Since
MDA-MB-231 cells reportedly synthesize abundant PTHrP,
the tumor-derived PTHrP may substitute for the biological
action of intact PTH, (2) the slightly elevated calcium in
mice with bone metastases may affect the synthesis of intact
PTH, and (3) since several researchers suggested that serum
FGF23 directly regulates PTH secretion of the parathyroid
cells [37, 38], the synthesis of FGF23 in MDA-MB-231
cells may affect the decreased serum concentration of intact
PTH. However, these are merely our assumptions, and fur-
ther examinations appear to be necessary.

Concluding remarks

This study demonstrated that (1) MDA-MB-231 cells syn-
thesized FGF23 during bone metastasis; (2) the osteocytes
were inhibited from synthesizing FGF23 when they were
closely surrounded by FGF23-secreting MDA-MB-231
cells, and (3) the immunoreactivity and gene expression of
FGFR1 and aklotho were elevated in metastasized bone.
Therefore, it is likely that FGF23 secreted by MDA-MB-231
cells plays a role in establishing suitable circumstances of
metastasized lesion by mediating its receptor in an auto-
crine/paracrine fashion.
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