
Abstract. Bone metastasis (BM) may occur in any type of
cancer. The diagnosis of patients with BM has increased due
to improved imaging technologies and advances in cancer
drug therapy that have prolonged the survival time of cancer
patients. BM may be asymptomatic in the early stages;
however, as the disease progresses, it causes pain, fracture,
neurological symptoms associated with spinal cord
compression, hypercalcemia, and other specific symptoms
that significantly impair the patient’s quality of life (QOL).
Imaging modalities have disadvantages, such as high cost,
radiation exposure, and bone pain associated with holding
posture for imaging test; further, they are time-consuming.
Hence, patients with BM require convenient and useful
biomarkers. However, no blood biomarkers generally useful
for diagnosis and therapeutic monitoring of BM are
established. Prostate cancer (PC) and breast cancer, in
particular, are among the most prone to BM because BM
occurs in approximately 70% of patients with advanced
disease. Herein, we reviewed various potential bone turnover
markers and liquid biopsy for diagnosis and prognosis
prediction in patients with BM of PC based on PubMed
literature search. The usefulness of conventional bone
turnover markers of BM in PC is limited, and cut-off values
vary. In the future, the creation of algorithms using these
conventional markers and multiple tests, such as liquid

biopsy and imaging tests, will help to develop highly
accurate techniques for the diagnosis of BM.

The number of cancer survivors is increasing due to advances
in medical technology, and an increase in effectively
diagnosing patients with bone metastasis (BM) (1). The
incidence of BM varies depending on the primary tumor type,
with prostate cancer (PC) at highest risk of developing BM
(85%), followed by lung cancer, kidney cancer, and breast
cancer, and it is the lowest (13%) for colon cancer (2-4).
Although prostate specific antigen screening and new
advances in PC treatment improved survival, future
projections indicate that by 2040, 379,000 people will die due
to PC worldwide (5). Owing to the progression of systematic
medical therapies, life expectancy and the number of patients
with BM are increasing and will continue to do so (6).
Generally, BM may cause skeletal related events (SRE), such
as pain, fractures, spinal cord compressions, hypercalcemia,
prolonged hospitalization period, and significantly reduce the
quality of life (QOL) in patients with short prognosis (7). BM
in patients with breast cancer is a mixed osteolytic and
osteoblastic type, whereas in PC, it is predominantly
osteosclerotic type. Bone metastatic sites of PC undergo
osteogenic changes but are more brittle than normal bone (8).
Thus, BM is a clinically important and distinctive condition;
however, the American Society of Clinical Oncology
guidelines state that there are no established bone turnover
markers, effective for monitoring BM in clinical practice (9).

In 1889, Paget proposed the seed and soil theory (10), in
which cancer cells and remote organs of metastatic sites were
regarded as seeds and fertile soil, respectively, for cancer cells
to grow. The seed and soil theory fits well with BM because
bone matrix is rich in transforming growth factor-β, insulin-
like growth factor, fibroblast growth factor, bone
morphogenetic protein, etc., which support the progression of
cancer (11). These factors interact to form an entire system,
forming a feedback pathway that promotes the production of
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various cytokines, which induces PC cell metastasis to the
bone, further exacerbating cancer growth (4, 11-17); this
process is a vicious cycle (Figure 1). Extensive interactions
occur between the bone microenvironment and metastatic PC
cells via autocrine and paracrine signaling (4). This activation
of bone metabolism via this vicious cycle promotes secretion
by osteoblasts and osteoclasts, resulting in high levels of bone
turnover markers in the blood.

Conventionally, BM in PC is mainly diagnosed using 99mTc-
based bone scintigraphy, and recently 68 Ga-prostate-specific
membrane antibody (68 Ga-PSMA) positron emission
tomography/computed tomography (PET/CT) provided a major
advance in the diagnosis and staging by adding functional
information reflecting metabolic changes (18). In addition, 68
Ga-PSMA PET/CT images can detect BM earlier than CT or
radionuclide bone scans and identify lesions in tissues other
than the bone (19). Although there were many studies on the
diagnostic performance of 68 Ga-PSMA PET/CT for patients
with metastatic PC, the results were inconsistent with sensitivity
ranging from 56% to 98% (20). Whole-body magnetic
resonance imaging (MRI) detects BM with a sensitivity and
specificity of 91% and 96%, respectively (21). However, these
imaging tests have disadvantages, such as time consumption,
low specificity, high cost, and risk of radiation exposure (22);
hence, it is important to find blood biomarkers that are simple,
minimally invasive, and easy to monitor treatment efficacy.
Because urinary bone turnover markers are strongly influenced
by renal function and show diurnal variation, blood biomarkers
are more useful for detecting and monitoring BM (23). Even
alkaline phosphatase, the most commonly measured bone
turnover marker in daily clinical practice, does not have fixed
cut-off value in studies about BM, and there are few reports on
the diagnosis and prognosis of other bone turnover markers,
including stable cut-off values of BM (24). Because the cut-off
values of bone turnover markers varied from study to study
depending on patient background, such as newly diagnosed
patients with BM or treated by systematic therapy, we
summarized the cut-off values in this study for those involved
in the diagnosis of BM in PC (Table I).

Recently, the role of epigenetic regulators of tumor-bone
microenvironment interactions, particularly microRNA
(miRNA), circulating tumor cells (CTCs), cell free DNA
(cfDNA), circulating tumor DNA (ctDNA), and extracellular
vesicle (EV) gets importance (4). Because metastatic tissue,
especially bone, is often difficult to obtain, this information
from liquid biopsy, easily obtained by blood sampling, may be
a good choice to characterize BM for more clinical decisions.

Bone Formation Markers

Alkaline phosphatase (ALP). ALP is measured as a nonspecific
bone turnover marker since 1936 because serum levels of ALP
increased with enhanced osteoblastic activity (39). ALP is a

glycoprotein derived from not only the bone but also the liver,
kidney, and placenta, and elevated ALP correlates with the
amount of BM (24). Serum ALP is a simple and inexpensive
method that has long been used as a parameter in diagnosis and
prognosis prediction of BM with PC and is expected to be
useful in planning routine cancer treatment and follow-up, and
to lubricate joint decision-making with patients. However,
because ALP is also elevated in liver injury and heart failure,
meta-analysis has shown that ALP is not highly accurate in
diagnosing BM and is more related to overall survival (OS)
than cancer specific survival (CSS) (24). 

Bone-specific alkaline phosphatase (BAP). BAP is secreted
by osteoblasts and promotes bone mineralization (40). BAP
is less sensitive to diet and renal function, hence, there is less
variability in measurements, and elevated serum BAP is
mainly due to increased osteoblastic activity and secondary
bone resorption events. In adults with normal liver function,
approximately 50% of the total ALP activity in serum is
derived from the liver and 50% from the bone (41).

Osteocalcin (OC). OC is a major non-collagenous protein
that makes up approximately 20% of the bone matrix (42).
It is synthesized by osteoblasts dependent on vitamin K and
active vitamin D3. There are two forms of OC in serum,
carboxylated and decarboxylated. Decarboxylated OC is an
important determinant of its metabolic activity (43). OC
secretion is also increased when osteoblasts are activated by
physical stimuli to the bone.

Procollagen type I N-terminal propeptide (PINP) and
Procollagen type I C-terminal propeptide (PICP). PINP is a
polypeptide produced when type I collagen, a major protein
component of the bone matrix, is cleaved from its N-terminal
side during the formation of the precursor type I procollagen.
As a secreted product produced during the formation of type
I collagen during osteogenesis, PINP is a marker that
sensitively reflects early metabolic changes. PINP is present
in serum as intact trimeric peptides, corresponding to the
native isolated products of procollagen during type I collagen
synthesis, rather as monomeric peptides, which are
degradation products of procollagen (44). Typically, total
PINP, the sum of trimeric and monomeric PINP, is measured.
Like PINP, PICP is a polypeptide formed when type I
collagen is cleaved from the C-terminal side during the
formation of its precursor, type I procollagen. In other words,
PINP and PICP are derived from the same type I procollagen.

Osteoprotegerin (OPG). OPG is produced by a variety of
cells, including osteoblasts, fibroblasts, and hepatocytes, and
inhibits osteoclast formation by binding to RANKL (45).
Elevated serum OPG levels indicate increased osteogenic
bone metabolism (17).
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Bone Resorption Markers

Type I collagen cross-linked N-terminal telopeptide (NTx), type
I collagen cross-linked C-terminal telopeptide (CTx), and C-
terminal pyridinoline cross-linked telopeptide of type I collagen
(ICTP). Type I collagen accounts for more than 90% of the
bone organic matrix. It consists of two α1 chains and one α2
chain forming a helical twisted helix structure, with two non-
helical telopeptides at the N-terminus and C-terminus, and a
trivalent telopeptide at the helix (46). These cross-linked
portions are used as bone resorption markers because they are
released into the blood when type I collagen is degraded by
bone resorption. The fragment of type I collagen arising from
the N-terminus is NTx, and the fragments arising from the C-
terminus are CTx and ICTP (46, 47). ICTP is a specific
telopeptide, separated from collagen by metalloproteinases (40).

Tartrate-resistant acid phosphatase (TRACP). TRACP 5b was
originally discovered in leukocyte extracts of patients with hairy
cell leukemia and later, detected in osteoclasts (48). It was first
named type 5 acid phosphatase because of its rapid
electrophoretic mobility toward the cathode on acidic acrylamide
gels using electrophoresis (49); this band was found in human
serum, and could be electrophoretically separated into two
distinct bands, 5a and 5b (50). Analysis of these two isoforms
showed that 5a contained sialic acid, which is absent in 5b, and
electrophoretic studies showed that TRAP 5b was derived from
osteoclasts. TRACP 5b has high specificity for osteoclasts and
is not susceptible to hepatic and renal dysfunction. It is not
affected by physiological changes and diet (38).

Liquid Biopsy

Recently, several cellular and molecular components that
play a role in cancer were detected via liquid biopsy. These
utilities of BM in PC are briefly discussed below.

Circulating tumor cells (CTCs). The number of CTCs varies
greatly depending on the type of cancer, and relatively large
numbers are detected in breast and prostate cancers (51). The
number of CTCs was significantly higher in PC with BM than
without BM, and CTC counts of 3 or more out of 7.5 ml blood
was associated with a poorer prognosis than a count of less
than 3 (52). Patients with PC with BM had higher numbers of
CTCs in their blood expressing KLK2/3 than those with no
BM (53). Gene expression profiles of paired samples of
plasma CTCs and metastatic tissue from the spine of PC
patients with BM showed that nine genes (AGR2, AKR1C3,
AR, CDH1, FOLH1, HER2, KRT19, MDK, and SPINK1) were
strongly correlated. These results demonstrate the potential of
CTC phenotyping as a tool to improve rapid diagnosis and
personalized treatment of metastatic PC (54).

Circulating tumor DNA (ctDNA), cell free DNA (cfDNA).
The presence of cell-free nucleic acid fragments in human
blood was first reported in 1948 (55). In healthy individuals,
there are small amounts of DNA fragments mainly derived
from the death of hematopoietic cells. In patients with
cancer, ctDNA is mixed with a part of cfDNA due to
apoptosis of cancer cells or destruction of CTCs leaked into
the blood by autoimmunity. This ctDNA can be easily and
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Figure 1. Major signal pathways and vicious cycle in bone metastasis from prostate cancer.



repeatedly used to detect cancer-specific genetic mutations.
In a healthy donor, most cfDNA is released from
hematopoietic cells, and the concentration of cfDNA in
healthy individuals ranges from 1 to 10 ng/ml; however, the

concentration of cfDNA is elevated in cancer patient serum
(56, 57). An integrated radiographic and liquid biopsy study
found that CT images of BM sites have features associated
with CTC number and cfDNA levels (58). The tumor
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Table I. Utility of bone turnover markers for bone metastasis of prostate cancer.

Bone turnover marker                                                                              Diagnosis                                                                    Survival           Reference

                                                           Cut-off value            Sensitivity (%)            Specificity (%)                AUC                         
                                                                      
Bone formation markers
ALP                                                       129 (U/l)                          81                                93                              -                      CSS, OS                (25)
                                                              275 (U/l)                            -                                   -                             0.76                      CSS                   (26)
                                                              288 (U/l)                          69                                90                           0.82                         -                      (27)
                                                              335 (U/l)                          50                               100                             -                            -                      (28)
                                                               115 (U/l)                          57                                65                           0.74                         -                      (29)
                                                                67 (U/l)                             -                                   -                                -                          OS                    (30)
                                                              227 (U/l)                          91                               100                          0.98                         -                      (31)
BAP                                                    15.2 (ng/ml)                       75                                93                              -                      CSS, OS                (25)
                                                            24.2 (ng/ml)                         -                                   -                             0.73                      CSS                   (26)
                                                            18.3 (ng/ml)                         -                                   -                                -                          OS                    (30)
                                                                34 (U/l)                             -                                   -                                -                          OS                    (32)
                                                            18.4 (ng/ml)                       92                                92                              -                            -                      (33)
                                                           164.7 (ng/ml)                        -                                   -                                -                          OS                    (34)
                                                              29.6 (U/l)                          68                                90                           0.81                         -                      (35)
OC                                                        11.3 (μg/l)                         24                                95                              -                            -                      (25)
PINP                                                     50.6 (μg/l)                         76                                90                              -                      CSS, OS                (25)
                                                             30.3 (μg/l)                          -                                   -                                -                          OS                    (30)
                                                              120 (μg/l)                           -                                   -                                -                          OS                    (32)
                                                               84 (μg/l)                         100                              100                             -                            -                      (33)
                                                            148.5 (μg/l)                         -                                   -                                -                          OS                    (34)
                                                             47.0 (μg/l)                         72                                90                           0.85                         -                      (35)
                                                            106.3 (μg/l)                        65                                78                           0.71                         -                      (36)
PICP                                                    150.0 (μg/l)                        57                                90                           0.40                         -                      (35)
                                                                     -                                   -                                   -                             0.59                         -                      (37)
OPG                                                     3.4 (pmol/l)                        93                                94                              -                      CSS, OS                (25)

Bone resorption markers
NTx                                               26.9 (nmol/l BCE)                  61                                96                              -                      CSS, OS                (25)
                                                       12.8 (nmol/l BCE)                    -                                   -                                -                          OS                    (30)
CTx                                                      0.627 (μg/l)                        30                                93                              -                      CSS, OS                (25)
                                                               54 (ng/l)                            -                                   -                                -                          OS                    (30)
                                                             0.25 (μg/l)                          -                                   -                                -                          OS                    (32)
ICTP                                                     3.3 (ng/ml)                          -                                   -                             0.85                      CSS                   (26)
                                                             5.0 (ng/ml)                        79                                88                              -                            -                      (28)
                                                             4.3 (ng/ml)                        69                                77                           0.82                         -                      (29)
                                                            4.37 (ng/ml)                         -                                   -                                -                          OS                    (30)
                                                             5.2 (ng/ml)                       100                               79                              -                            -                      (33)
                                                             4.6 (ng/ml)                        67                                90                           0.75                         -                      (35)
                                                            5.73 (ng/ml)                       37                                90                           0.64                         -                      (36)
TRACP                                                 10.4 (U/l)                          69                                86                           0.81                         -                      (27)
TRACP 5b                                            4.62 (U/l)                          77                                85                              -                      CSS, OS                (25)
                                                          105.5 (mU/dl)                       -                                   -                             0.64                      CSS                   (26)
                                                              4.98 (U/l)                          71                                96                           0.82                         -                      (31)
                                                            335 (mU/lL)                       71                                90                           0.87                      CSS                   (38)
                                                                      
AUC: Area under the curve; CSS: cancer specific survival; OS: overall survival; ALP: alkaline phosphatase; BAP: bone-specific alkaline
phosphatase; OC: osteocalcin; PINP: procollagen type I N-terminal propeptide; PICP: procollagen type I C-terminal propeptide; OPG:
osteoprotegerin; NTx: cross-linked N-terminal telopeptides of type I collagen; CTx: cross-linked C-terminal telopeptides of type I collagen; ICTP:
carboxy-terminal pyridinoline cross-linked telopeptide parts of type I collagen; TRACP 5b: tartrate-resistant acid phosphatase type 5b.



fraction, the percentage of ctDNA in the plasma cfDNA of
castration-resistant PC patients, was strongly correlated with
the number of BM and serum ALP levels (59).

miRNAs. miRNAs are single-stranded RNA molecules, 21-
25 bases pair, involved in the post-transcriptional regulation
of gene expression. Transcriptional repression mediated by
miRNA plays an important role in a wide range of biological
processes, such as development, cell proliferation and
differentiation, apoptosis, or metabolism. Expression of miR-
218-5p was decreased in PC tissue and patient serum
samples with BM, and ROC curve analysis of miR-218-5p
in PC patient serum showed an area under the curve of 0.86,
suggesting that miR-218-5p may be a novel serum biomarker
for BM from PC (60). In serum exosomes of patients after
radical prostatectomy, miR-375 and miR-141 were
significantly increased in metastatic PC compared with non-
recurrent PC (61). Elevated plasma miR-141-3p levels are a
predictor of metastatic PC, and monitoring plasma miR-141-
3p levels in patients with PC may predict metastatic risk (62,
63). Furthermore, miR-466-mediated suppression of RUNX2
has been shown to inhibit PC metastasis to the bone (64).

Extracellular vesicle (EV). Exosomes are granule-like
substances with a diameter of 50-150 nm that are secreted by
cells, and contain nucleic acids (miRNA, mRNA, DNA, etc.),
proteins, and other substances. Exosomes are a type of
extracellular vesicle. In addition to exosomes, there are
microvesicles and apoptotic bodies, each with a different
production mechanism and size. ITGA3 and ITGB1 were
selected by mass spectrometry from exosomes secreted by
LNCaP and PC3, and ITGA3 and ITGB1 were more abundant
in urinary exosomes from metastatic patients than in patients
with benign prostatic hyperplasia and non-metastatic PC (65).
Exosomal miR-141-3p and miR-375, secreted by PC cells,
promote osteoblast activity, regulate the BM
microenvironment, and induce BM of PC (66, 67). Similarly,
the exosome hsa-miR-940 secreted by PC cells acts on the BM
microenvironment to induce bone marrow mesenchymal stem
cells to become osteoblasts, promoting osteogenic BM of PC
(68). Exosomal miR-21, miR-141, and miR-375 are involved
in BM of PC because they help cancer cells overcome
hypoandrogenic conditions in distant metastatic organs (69).
There are still many unanswered questions, such as how the
contents of blood exosomes differ between non-metastatic PC
and PC with BM, and which biosynthetic pathways of what
exosomes are activated in response to bone niche (70).

Conclusion and Future Perspectives

In general, the utility of blood bone turnover markers in the
diagnosis of BM from various cancers, including PC, is
limited. The cut-off values of conventional bone turnover

markers for BM in PC vary widely, and which biomarker is
useful for the diagnosis and prognosis of BM depends
largely on the patient background. BM is complex and
involves not only disease progression, but also various
coordinated interactions of osteoblasts, osteoclasts, and
osteocytes with their microenvironment through a vicious
cycle. Liquid biopsy is a simple, non-invasive method to
detect cells, exosomes, nucleic acids, and proteins released
or detached from tumor tissue in a liquid outside the tissue
(58). Recent rapid advances in molecular profiling
techniques using liquid biopsy contributed to the
advancement of precision medicine. Genomic data obtained
from CTCs and ctDNA are also tools that can be analyzed
throughout the course of a disease to reveal how tumor
phenotypes change in real time during treatment and how
these changes ultimately affect clinical outcomes. However,
these technical developments remain unidentified as
clinically useful biomarkers specific to BM in PC.

One of the major problems with liquid biopsy is that, due
to the lack of implementation of uniform standards for
collection and measurement, results can vary depending on
locus design, depth of gene sequence, and choice of
bioinformatical analysis code, even for detection of the same
disease. In addition, the low sensitivity resulting from the
small sample volume presents the biggest problem in the
clinical application of liquid biopsy. Moreover, false-negative
cases often occur in clinical practice. Compared with
conventional blood bone turnover markers, liquid biopsy is a
high cost and time-consuming method. Although there are
many in vitro reports of liquid biopsy about BM in PC using
cell lines, there are few reports using patient blood, and the
actual clinical use has not yet reached the stage of clinical
trials. In addition, there are many reports of biomarkers
secreted from PC cells, but few reports of biomarkers
secreted from the bone matrix through the vicious cycle.
Future work may include the development of a diagnostic
model for BM using machine learning algorithms that
combine conventional blood bone turnover marker data with
liquid biopsy and imaging tests. The clinical usefulness of
new biomarkers in the diagnosis of BM of PC needs to be
examined in prospective studies. Advances in liquid biopsy
research and imaging technologies in BM of PC will lead to
earlier diagnosis and improved patient prognosis and QOL.

Conflicts of Interest

The Authors declare no conflicts of interest in relation to this study.

Authors’ Contributions
Gaku Yamamichi conceived the presented idea and wrote the
manuscript. Taigo Kato, Motohide Uemura and Norio Nonomura
supervised the work. All Authors discussed, verified, and approved
the final version of the manuscript.

Yamamichi et al: Blood Biomarkers for Bone Metastasis in Prostate Cancer (Review)

287



References
1 Shibata H, Kato S, Sekine I, Abe K, Araki N, Iguchi H, Izumi

T, Inaba Y, Osaka I, Kato S, Kawai A, Kinuya S, Kodaira M,
Kobayashi E, Kobayashi T, Sato J, Shinohara N, Takahashi S,
Takamatsu Y, Takayama K, Takayama K, Tateishi U, Nagakura
H, Hosaka M, Morioka H, Moriya T, Yuasa T, Yurikusa T,
Yomiya K and Yoshida M: Diagnosis and treatment of bone
metastasis: comprehensive guideline of the Japanese Society of
Medical Oncology, Japanese Orthopedic Association, Japanese
Urological Association, and Japanese Society for Radiation
Oncology. ESMO Open 1(2): e000037, 2016. PMID: 27843593.
DOI: 10.1136/esmoopen-2016-000037

2 Hernandez RK, Wade SW, Reich A, Pirolli M, Liede A and
Lyman GH: Incidence of bone metastases in patients with solid
tumors: analysis of oncology electronic medical records in the
United States. BMC Cancer 18(1): 44, 2018. PMID: 29306325.
DOI: 10.1186/s12885-017-3922-0

3 Coleman RE: Skeletal complications of malignancy. Cancer 80(8
Suppl): 1588-1594, 1997. PMID: 9362426. DOI: 10.1002/(sici)1097-
0142(19971015)80:8+<1588::aid-cncr9>3.3.co;2-z

4 Wood SL and Brown JE: Personal medicine and bone metastases:
Biomarkers, micro-RNAs and bone metastases. Cancers (Basel)
12(8): 2109, 2020. PMID: 32751181. DOI: 10.3390/cancers
12082109

5 Rawla P: Epidemiology of prostate cancer. World J Oncol 10(2):
63-89, 2019. PMID: 31068988. DOI: 10.14740/wjon1191

6 McCabe FJ, Jadaan DY, Jadaan MM and McCabe JP: The rise of
metastatic bone disease in Ireland. Clin Exp Metastasis 37(6): 693-
702, 2020. PMID: 33099723. DOI: 10.1007/s10585-020-10059-7

7 Nørgaard M, Jensen AØ, Jacobsen JB, Cetin K, Fryzek JP and
Sørensen HT: Skeletal related events, bone metastasis and
survival of prostate cancer: a population based cohort study in
Denmark (1999 to 2007). J Urol 184(1): 162-167, 2010. PMID:
20483155. DOI: 10.1016/j.juro.2010.03.034

8 Brown JE, Cook RJ, Major P, Lipton A, Saad F, Smith M, Lee
KA, Zheng M, Hei YJ and Coleman RE: Bone turnover markers
as predictors of skeletal complications in prostate cancer, lung
cancer, and other solid tumors. J Natl Cancer Inst 97(1): 59-69,
2005. PMID: 15632381. DOI: 10.1093/jnci/dji002

9 Van Poznak CH, Temin S, Yee GC, Janjan NA, Barlow WE,
Biermann JS, Bosserman LD, Geoghegan C, Hillner BE,
Theriault RL, Zuckerman DS, Von Roenn JH and American
Society of Clinical Oncology: American Society of Clinical
Oncology executive summary of the clinical practice guideline
update on the role of bone-modifying agents in metastatic breast
cancer. J Clin Oncol 29(9): 1221-1227, 2011. PMID: 21343561.
DOI: 10.1200/JCO.2010.32.5209

10 Paget S: The distribution of secondary growths in cancer of the
breast. The Lancet 133(3421): 571-573, 2019. DOI: 10.1016/S0140-
6736(00)49915-0

11 Song X, Wei C and Li X: The signaling pathways associated
with breast cancer bone metastasis. Front Oncol 12: 855609,
2022. PMID: 35372035. DOI: 10.3389/fonc.2022.855609

12 Siddiqui JA, Seshacharyulu P, Muniyan S, Pothuraju R, Khan P,
Vengoji R, Chaudhary S, Maurya SK, Lele SM, Jain M, Datta
K, Nasser MW and Batra SK: GDF15 promotes prostate cancer
bone metastasis and colonization through osteoblastic CCL2 and
RANKL activation. Bone Res 10(1): 6, 2022. PMID: 35058441.
DOI: 10.1038/s41413-021-00178-6

13 Cook LM, Shay G, Araujo A and Lynch CC: Integrating new
discoveries into the “vicious cycle” paradigm of prostate to bone
metastases. Cancer Metastasis Rev 33(2-3): 511-525, 2014.
PMID: 24414228. DOI: 10.1007/s10555-014-9494-4

14 Guise TA, Mohammad KS, Clines G, Stebbins EG, Wong DH,
Higgins LS, Vessella R, Corey E, Padalecki S, Suva L and Chirgwin
JM: Basic mechanisms responsible for osteolytic and osteoblastic
bone metastases. Clin Cancer Res 12(20 Pt 2): 6213s-6216s, 2006.
PMID: 17062703. DOI: 10.1158/1078-0432.CCR-06-1007

15 Roato I: Interaction among cells of bone, immune system, and
solid tumors leads to bone metastases. Clin Dev Immunol 2013:
315024, 2013. PMID: 23710201. DOI: 10.1155/2013/315024

16 Casimiro S, Guise TA and Chirgwin J: The critical role of the
bone microenvironment in cancer metastases. Mol Cell
Endocrinol 310(1-2): 71-81, 2009. PMID: 19616059. DOI:
10.1016/j.mce.2009.07.004

17 Quiroz-Munoz M, Izadmehr S, Arumugam D, Wong B,
Kirschenbaum A and Levine AC: Mechanisms of osteoblastic
bone metastasis in prostate cancer: role of prostatic acid
phosphatase. J Endocr Soc 3(3): 655-664, 2019. PMID:
30842989. DOI: 10.1210/js.2018-00425

18 Telo S, Farolfi A, Castellucci P and Fanti S: (68)Ga-PSMA-11 PET
accuracy in recurrent prostate cancer. Transl Androl Urol 8(6): 772-
774, 2019. PMID: 32038977. DOI: 10.21037/tau.2019.07.13

19 Pernthaler B, Kulnik R, Gstettner C, Salamon S, Aigner RM and
Kvaternik H: A prospective head-to-head comparison of 18F-
Fluciclovine with 68Ga-PSMA-11 in biochemical recurrence of
prostate cancer in PET/CT. Clin Nucl Med 44(10): e566-e573,
2019. PMID: 31283605. DOI: 10.1097/RLU.0000000000002703

20 Whiting PF, Rutjes AW, Westwood ME, Mallett S, Deeks JJ,
Reitsma JB, Leeflang MM, Sterne JA, Bossuyt PM and
QUADAS-2 Group: QUADAS-2: a revised tool for the quality
assessment of diagnostic accuracy studies. Ann Intern Med
155(8): 529-536, 2011. PMID: 22007046. DOI: 10.7326/0003-
4819-155-8-201110180-00009

21 Wu LM, Gu HY, Zheng J, Xu X, Lin LH, Deng X, Zhang W and
Xu JR: Diagnostic value of whole-body magnetic resonance
imaging for bone metastases: a systematic review and meta-
analysis. J Magn Reson Imaging 34(1): 128-135, 2011. PMID:
21618333. DOI: 10.1002/jmri.22608

22 Luna A, Vilanova JC and Alcalá Mata L: [Total body MRI in
early detection of bone metastasis and its indication in
comparison to bone scan and other imaging techniques]. Arch
Esp Urol 68(3): 371-390, 2015. PMID: 25948807.

23 Fontana A and Delmas PD: Markers of bone turnover in bone
metastases. Cancer 88(12 Suppl): 2952-2960, 2000. PMID:
10898339. DOI: 10.1002/1097-0142(20000615)88:12+<2952::aid-
cncr11>3.0.co;2-m

24 Mori K, Janisch F, Parizi MK, Mostafaei H, Lysenko I, Enikeev
DV, Kimura S, Egawa S and Shariat SF: Prognostic value of
alkaline phosphatase in hormone-sensitive prostate cancer: a
systematic review and meta-analysis. Int J Clin Oncol 25(2):
247-257, 2020. PMID: 31768692. DOI: 10.1007/s10147-019-
01578-9

25 Jung K, Lein M, Stephan C, Von Hösslin K, Semjonow A, Sinha
P, Loening SA and Schnorr D: Comparison of 10 serum bone
turnover markers in prostate carcinoma patients with bone
metastatic spread: diagnostic and prognostic implications. Int J
Cancer 111(5): 783-791, 2004. PMID: 15252851. DOI:
10.1002/ijc.20314

ANTICANCER RESEARCH 43: 283-290 (2023)

288



26 Kamiya N, Suzuki H, Yano M, Endo T, Takano M, Komaru A,
Kawamura K, Sekita N, Imamoto T and Ichikawa T:
Implications of serum bone turnover markers in prostate cancer
patients with bone metastasis. Urology 75(6): 1446-1451, 2010.
PMID: 20206975. DOI: 10.1016/j.urology.2009.11.049

27 Ozu C, Nakashima J, Horiguchi Y, Oya M, Ohigashi T and Murai
M: Prediction of bone metastases by combination of tartrate-
resistant acid phosphatase, alkaline phosphatase and prostate
specific antigen in patients with prostate cancer. Int J Urol 15(5):
419-422, 2008. PMID: 18452459. DOI: 10.1111/j.1442-2042.
2008.02029.x

28 Kataoka A, Yuasa T, Kageyama S, Tsuchiya N, Habuchi T, Iwaki
H, Narita M, Okada Y and Yoshiki T: Diagnosis of bone
metastasis in men with prostate cancer by measurement of serum
ICTP in combination with alkali phosphatase and prostate-
specific antigen. Clin Oncol (R Coll Radiol) 18(6): 480-484,
2006. PMID: 16909972. DOI: 10.1016/j.clon.2006.02.010

29 Wei RJ, Li TY, Yang XC, Jia N, Yang XL and Song HB: Serum
levels of PSA, ALP, ICTP, and BSP in prostate cancer patients
and the significance of ROC curve in the diagnosis of prostate
cancer bone metastases. Genet Mol Res 15(2), 2016. PMID:
27323113. DOI: 10.4238/gmr.15027707

30 Jung K, Miller K, Wirth M, Albrecht M and Lein M: Bone
turnover markers as predictors of mortality risk in prostate
cancer patients with bone metastases following treatment with
zoledronic acid. Eur Urol 59(4): 604-612, 2011. PMID:
21190792. DOI: 10.1016/j.eururo.2010.12.006

31 Salminen EK, Kallioinen MJ, Ala-Houhala MA, Vihinen PP,
Tiitinen SL, Varpula M and Vahlberg TJ: Survival markers
related to bone metastases in prostate cancer. Anticancer Res
26(6C): 4879-4884, 2006. PMID: 17214355.

32 Brasso K, Christensen IJ, Johansen JS, Teisner B, Garnero P,
Price PA and Iversen P: Prognostic value of PINP, bone alkaline
phosphatase, CTX-I, and YKL-40 in patients with metastatic
prostate carcinoma. Prostate 66(5): 503-513, 2006. PMID:
16372331. DOI: 10.1002/pros.20311

33 de la Piedra C, Castro-Errecaborde NA, Traba ML, Méndez-
Dávila C, García-Moreno C, Rodriguez de Acuña L and
Rodriguez-Molina J: Bone remodeling markers in the detection
of bone metastases in prostate cancer. Clin Chim Acta 331(1-2):
45-53, 2003. PMID: 12691863. DOI: 10.1016/s0009-8981(03)
00081-0

34 de la Piedra C, Alcaraz A, Bellmunt J, Meseguer C, Gómez-
Caamano A, Ribal MJ, Vázquez F, Anido U, Samper P, Esteban
E, Álvarez-Ossorio JL, Lara PC, San José LA, Contreras JA, del
Alba AG, González-Gragera B, Tabernero AJ, González-Enguita
C, Fernández JM, García-Escudero A, Gómez-Veiga F, Méndez
MJ, Segarra J, Virizuela JA, Carles J, Lassa A, Calderero V,
Constela M, Delgado D, Mañas A, Murias A, Reynes G,
Rodriguez B, Rubio G, Sánchez E, Unda M, Solsona E,
Martínez-Javaloyas JM, Comet-Batlle J, Quicios C, Martín-
Fernández M, Mahillo-Fernández I and Morote J: Usefulness of
bone turnover markers as predictors of mortality risk, disease
progression and skeletal-related events appearance in patients
with prostate cancer with bone metastases following treatment
with zoledronic acid: TUGAMO study. Br J Cancer 108(12):
2565-2572, 2013. PMID: 23722472. DOI: 10.1038/bjc.2013.270

35 Koizumi M, Yonese J, Fukui I and Ogata E: The serum level of
the amino-terminal propeptide of type I procollagen is a
sensitive marker for prostate cancer metastasis to bone. BJU Int

87(4): 348-351, 2001. PMID: 11251528. DOI: 10.1046/j.1464-
410x.2001.00105.x

36 Koopmans N, de Jong IJ, Breeuwsma AJ and van der Veer E: Serum
bone turnover markers (PINP and ICTP) for the early detection of
bone metastases in patients with prostate cancer: a longitudinal
approach. J Urol 178(3 Pt 1): 849-53; discussion 853; quiz 1129,
2007. PMID: 17631330. DOI: 10.1016/j.juro.2007.05.029

37 Fukumitsu N, Uchiyama M, Mori Y, Kishimoto K and Nakada J:
A comparative study of prostate specific antigen (PSA), C-
terminal propeptide of blood type I procollagen (PICP) and urine
type I collagen-crosslinked N telopeptide (NTx) levels using bone
scintigraphy in prostate cancer patients. Ann Nucl Med 17(4):
297-303, 2003. PMID: 12932112. DOI: 10.1007/BF02988524

38 Yamamichi G, Kato T, Yumiba S, Tomiyama E, Koh Y, Nakano K,
Matsushita M, Hayashi Y, Ishizuya Y, Watabe T, Hatano K,
Kawashima A, Ujike T, Ono Y, Takada T, Takada S, Imamura R,
Nonomura N and Uemura M: Diagnostic and prognostic significance
of tartrate-resistant acid phosphatase type 5b in newly diagnosed
prostate cancer with bone metastasis: A real-world multi-institutional
study. Int J Urol, 2022. PMID: 36305578. DOI: 10.1111/iju.15063

39 Gutman E, Sproul E and Gutman A: Significance of increased
phosphatase activity of bone at the site of osteoplastic metastases
secondary to carcinoma of the prostate gland. The American Journal
of Cancer 28(3): 485-495, 2013. DOI: 10.1158/ajc.1936.485a

40 Jung K and Lein M: Bone turnover markers in serum and urine
as diagnostic, prognostic and monitoring biomarkers of bone
metastasis. Biochim Biophys Acta 1846(2): 425-438, 2014.
PMID: 25220832. DOI: 10.1016/j.bbcan.2014.09.001

41 Ross PD, Kress BC, Parson RE, Wasnich RD, Armour KA and
Mizrahi IA: Serum bone alkaline phosphatase and calcaneus
bone density predict fractures: a prospective study. Osteoporos
Int 11(1): 76-82, 2000. PMID: 10663362. DOI: 10.1007/
s001980050009

42 Licini C, Notarstefano V, Marchi S, Cerqueni G, Ciapetti G,
Vitale-Brovarone C, Giorgini E and Mattioli-Belmonte M:
Altered type I collagen networking in osteoporotic human
femoral head revealed by histomorphometric and Fourier
transform infrared imaging correlated analyses. Biofactors 48(5):
1089-1110, 2022. PMID: 35661288. DOI: 10.1002/biof.1870

43 Lei H, Liu J, Wang W, Yang X, Feng Z, Zang P, Lu B and Shao
J: Association between osteocalcin, a pivotal marker of bone
metabolism, and secretory function of islet beta cells and alpha
cells in Chinese patients with type 2 diabetes mellitus: an
observational study. Diabetol Metab Syndr 14(1): 160, 2022.
PMID: 36307866. DOI: 10.1186/s13098-022-00932-8

44 Koivula MK, Risteli L and Risteli J: Measurement of
aminoterminal propeptide of type I procollagen (PINP) in serum.
Clin Biochem 45(12): 920-927, 2012. PMID: 22480789. DOI:
10.1016/j.clinbiochem.2012.03.023

45 Yu M, Su Y, Cui D, Sun Q, Luan B and Zhao D: Chemotherapy
effectively suppresses interleukin-20, receptor activator of
nuclear factor kappa-B ligand, and osteoprotegerin levels in
patients with lung adenocarcinoma and bone metastasis. J
Cancer Res Ther 12(2): 963-968, 2016. PMID: 27461682. DOI:
10.4103/0973-1482.179085

46 Hanson DA, Weis MA, Bollen AM, Maslan SL, Singer FR and
Eyre DR: A specific immunoassay for monitoring human bone
resorption: quantitation of type I collagen cross-linked N-
telopeptides in urine. J Bone Miner Res 7(11): 1251-1258, 1992.
PMID: 1466251. DOI: 10.1002/jbmr.5650071119

Yamamichi et al: Blood Biomarkers for Bone Metastasis in Prostate Cancer (Review)

289



47 D’Oronzo S, Brown J and Coleman R: The role of biomarkers
in the management of bone-homing malignancies. J Bone Oncol
9: 1-9, 2017. PMID: 28948139. DOI: 10.1016/j.jbo.2017.09.001

48 Halleen JM, Alatalo SL, Suominen H, Cheng S, Janckila AJ and
Väänänen HK: Tartrate-resistant acid phosphatase 5b: a novel serum
marker of bone resorption. J Bone Miner Res 15(7): 1337-1345,
2000. PMID: 10893682. DOI: 10.1359/jbmr.2000.15.7.1337

49 Li CY, Yam LT and Lam KW: Acid phosphatase isoenzyme in
human leukocytes in normal and pathologic conditions. J
Histochem Cytochem 18(7): 473-481, 1970. PMID: 4914571.
DOI: 10.1177/18.7.473

50 Lam WK, Eastlund DT, Li CY and Yam LT: Biochemical
properties of tartrate-resistant acid phosphatase in serum of adults
and children. Clin Chem 24(7): 1105-1108, 1978. PMID: 207464.

51 Naito T, Tanaka F, Ono A, Yoneda K, Takahashi T, Murakami
H, Nakamura Y, Tsuya A, Kenmotsu H, Shukuya T, Kaira K,
Koh Y, Endo M, Hasegawa S and Yamamoto N: Prognostic
impact of circulating tumor cells in patients with small cell lung
cancer. J Thorac Oncol 7(3): 512-519, 2012. PMID: 22258473.
DOI: 10.1097/JTO.0b013e31823f125d

52 Thalgott M, Rack B, Maurer T, Souvatzoglou M, Eiber M, Kreß
V, Heck MM, Andergassen U, Nawroth R, Gschwend JE and
Retz M: Detection of circulating tumor cells in different stages
of prostate cancer. J Cancer Res Clin Oncol 139(5): 755-763,
2013. PMID: 23358719. DOI: 10.1007/s00432-013-1377-5

53 Helo P, Cronin AM, Danila DC, Wenske S, Gonzalez-Espinoza
R, Anand A, Koscuiszka M, Väänänen RM, Pettersson K, Chun
FK, Steuber T, Huland H, Guillonneau BD, Eastham JA,
Scardino PT, Fleisher M, Scher HI and Lilja H: Circulating
prostate tumor cells detected by reverse transcription-PCR in
men with localized or castration-refractory prostate cancer:
concordance with CellSearch assay and association with bone
metastases and with survival. Clin Chem 55(4): 765-773, 2009.
PMID: 19233911. DOI: 10.1373/clinchem.2008.117952

54 Josefsson A, Larsson K, Månsson M, Björkman J, Rohlova E,
Åhs D, Brisby H, Damber JE and Welén K: Circulating tumor
cells mirror bone metastatic phenotype in prostate cancer.
Oncotarget 9(50): 29403-29413, 2018. PMID: 30034626. DOI:
10.18632/oncotarget.25634

55 Mandel P and Metais P: Nuclear acids in human blood plasma. C
R Seances Soc Biol Fil 142(3-4): 241-243, 1948. PMID: 18875018. 

56 Mouliere F, El Messaoudi S, Pang D, Dritschilo A and Thierry AR:
Multi-marker analysis of circulating cell-free DNA toward
personalized medicine for colorectal cancer. Mol Oncol 8(5): 927-
941, 2014. PMID: 24698732. DOI: 10.1016/j.molonc.2014.02.005

57 Mouliere F, Robert B, Arnau Peyrotte E, Del Rio M, Ychou M,
Molina F, Gongora C and Thierry AR: High fragmentation
characterizes tumour-derived circulating DNA. PLoS One 6(9):
e23418, 2011. PMID: 21909401. DOI: 10.1371/journal.pone.
0023418

58 Morrison G, Buckley J, Ostrow D, Varghese B, Cen SY, Werbin
J, Ericson N, Cunha A, Lu YT, George T, Smith J, Quinn D,
Duddalwar V, Triche T and Goldkorn A: Non-invasive profiling
of advanced prostate cancer via multi-parametric liquid biopsy
and radiomic analysis. Int J Mol Sci 23(5): 2571, 2022. PMID:
35269713. DOI: 10.3390/ijms23052571

59 Choudhury AD, Werner L, Francini E, Wei XX, Ha G, Freeman
SS, Rhoades J, Reed SC, Gydush G, Rotem D, Lo C, Taplin ME,
Harshman LC, Zhang Z, O’Connor EP, Stover DG, Parsons HA,
Getz G, Meyerson M, Love JC, Hahn WC and Adalsteinsson

VA: Tumor fraction in cell-free DNA as a biomarker in prostate
cancer. JCI Insight 3(21): e122109, 2018. PMID: 30385733.
DOI: 10.1172/jci.insight.122109

60 Peng P, Chen T, Wang Q, Zhang Y, Zheng F, Huang S, Tang Y,
Yang C, Ding W, Ren D, Huang Z and Guo Y: Decreased miR-
218-5p levels as a serum biomarker in bone metastasis of
prostate cancer. Oncol Res Treat 42(4): 165-185, 2019. PMID:
30870834. DOI: 10.1159/000495473

61 Bryant RJ, Pawlowski T, Catto JW, Marsden G, Vessella RL,
Rhees B, Kuslich C, Visakorpi T and Hamdy FC: Changes in
circulating microRNA levels associated with prostate cancer. Br
J Cancer 106(4): 768-774, 2012. PMID: 22240788. DOI:
10.1038/bjc.2011.595

62 Kelly BD, Miller N, Sweeney KJ, Durkan GC, Rogers E, Walsh K
and Kerin MJ: A circulating microRNA signature as a biomarker
for prostate cancer in a high risk group. J Clin Med 4(7): 1369-
1379, 2015. PMID: 26239681. DOI: 10.3390/jcm4071369

63 Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK,
Pogosova-Agadjanyan EL, Peterson A, Noteboom J, O’Briant KC,
Allen A, Lin DW, Urban N, Drescher CW, Knudsen BS, Stirewalt
DL, Gentleman R, Vessella RL, Nelson PS, Martin DB and Tewari
M: Circulating microRNAs as stable blood-based markers for
cancer detection. Proc Natl Acad Sci USA 105(30): 10513-10518,
2008. PMID: 18663219. DOI: 10.1073/pnas.0804549105

64 Colden M, Dar AA, Saini S, Dahiya PV, Shahryari V, Yamamura S,
Tanaka Y, Stein G, Dahiya R and Majid S: MicroRNA-466 inhibits
tumor growth and bone metastasis in prostate cancer by direct
regulation of osteogenic transcription factor RUNX2. Cell Death Dis
8(1): e2572, 2017. PMID: 28125091. DOI: 10.1038/cddis.2017.15

65 Bijnsdorp IV, Geldof AA, Lavaei M, Piersma SR, van Moorselaar
RJ and Jimenez CR: Exosomal ITGA3 interferes with non-
cancerous prostate cell functions and is increased in urine
exosomes of metastatic prostate cancer patients. J Extracell
Vesicles 2, 2013. PMID: 24371517. DOI: 10.3402/jev.v2i0.22097

66 Ye Y, Li SL, Ma YY, Diao YJ, Yang L, Su MQ, Li Z, Ji Y, Wang
J, Lei L, Fan WX, Li LX, Xu Y and Hao XK: Exosomal miR-
141-3p regulates osteoblast activity to promote the osteoblastic
metastasis of prostate cancer. Oncotarget 8(55): 94834-94849,
2017. PMID: 29212270. DOI: 10.18632/oncotarget.22014

67 Li SL, An N, Liu B, Wang SY, Wang JJ and Ye Y: Exosomes
from LNCaP cells promote osteoblast activity through miR-375
transfer. Oncol Lett 17(5): 4463-4473, 2019. PMID: 30988815.
DOI: 10.3892/ol.2019.10110

68 Hashimoto K, Ochi H, Sunamura S, Kosaka N, Mabuchi Y,
Fukuda T, Yao K, Kanda H, Ae K, Okawa A, Akazawa C,
Ochiya T, Futakuchi M, Takeda S and Sato S: Cancer-secreted
hsa-miR-940 induces an osteoblastic phenotype in the bone
metastatic microenvironment via targeting ARHGAP1 and
FAM134A. Proc Natl Acad Sci USA 115(9): 2204-2209, 2018.
PMID: 29440427. DOI: 10.1073/pnas.1717363115

69 Pan J, Ding M, Xu K, Yang C and Mao LJ: Exosomes in diagnosis
and therapy of prostate cancer. Oncotarget 8(57): 97693-97700,
2017. PMID: 29228644. DOI: 10.18632/oncotarget.18532

70 Akoto T and Saini S: Role of exosomes in prostate cancer
metastasis. Int J Mol Sci 22(7): 3528, 2021. PMID: 33805398.
DOI: 10.3390/ijms22073528

Received November 17, 2022
Revised November 24, 2022

Accepted November 25, 2022

ANTICANCER RESEARCH 43: 283-290 (2023)

290


