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Abstract

PTHrP was first discovered as the most com-
mon mediator of malignancy-associated hyper-
calcemia. Subsequently, the discovery of its
ubiquitous expression in normal tissues unrav-
eled its role as a physiological autocrine/para-
crine regulator. The significance of PTHrP in
cancer is not confined to malignancy-associated
hypercalcemia, and sufficient evidence now
also supports its role in skeletal metastasis
through its modulation of bone turnover.
Furthermore, our own studies have recently
shown the critical role of PTHrP in breast can-
cer initiation, growth, and metastasis. More
recently, we have provided new evidence that
overexpression of PTHrP is associated with
higher incidence of brain metastasis and
decreased overall survival in triple-negative
breast cancer patients. Further mechanistic
studies in human and mouse model are neces-
sary to fully understand the role of PTHrP in
tumor progression and metastasis.
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PTHrP Background, Discovery,
and Gene Structure

Background and Discovery

PTHrP was first identified after a nearly four-
decade search of humoral factors that underlie
the development of hypercalcemia in malignancy,
a severe complication in patients with advanced-
stage cancers. Fuller Albright, in 1941, was the
first to postulate that ectopic production of para-
thyroid hormone (PTH), or a PTH-like factor,
could be responsible for this “humoral hypercal-
cemia of malignancy” (HHM). He reported the
case of a patient with renal carcinoma and a soli-
tary bone metastasis associated with hypercalce-
mia and hypophosphatemia mimicking primary
hyperparathyroidism [1]. PTH is an 84-amino
acid hormone secreted exclusively by parathy-
roid cells, and it plays a key role in regulating
Vitamin D, phosphate, and calcium homeostasis.
Albright’s hypothesis that cancer-secreted PTH
was the putative etiological factor in HHM was a
logical explanation due to its similarity to PTH
actions. However, he was unable at that time to
prove his hypothesis in the absence of specific
immunoassay for the detection of PTH in the
blood circulation of  patients with
HHM. Subsequently, several groups using PTH
immunoassays determined that PTH blood levels
in HHM were suppressed in response to calcium-
induced inhibition of PTH by the parathyroid
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gland [2]. It was not until 1987, after great efforts
were devoted to identifying and isolating this
putative tumor-secreted factor, that three inde-
pendent groups simultaneously identified a pro-
tein with similar biological activities and
homology to the amino terminus of PTH, there-
fore named PTHrP. An active peptide with a
molecular weight of 18-kDa was isolated by one
group from a human lung cancer cell line, a sec-
ond group from a 6-kDa active peptide from
human renal carcinoma cells, and a third group
from a 17-kDa active peptide from human breast
carcinoma [3-5]. Subsequently, the complemen-
tary DNA (cDNA) encoding these peptides con-
firmed that eight of the initial 13 N-terminal
amino acids of PTHrP were identical to those of
human PTH [6-8]. These findings explained the
biochemical similarities between primary hyper-
parathyroidism due to excessive production of
PTH and HHM from cancer-producing PTHrP.

Gene Structure

The human PTHrP gene (PTHLH) is located on
the short arm of chromosome 12, distinct from
the human PTH gene, which is located on the
short arm of chromosome 11. The similarities in
overall genomic organization and similar exon—
intron boundaries of PTHLH and PTH genes give
compelling evidence of their origin from a com-
mon ancestral gene which evolved from a gene
duplication event during evolution [9] (Fig. 1).
The human PTHLH gene spans ~15 kb of
genomic DNA and includes nine exons that are
transcribed by three functionally distinct promot-
ers (Fig. 1). The canonical TATA promoters (P1
and P3) are located upstream of the noncoding
exon 1 and exon 4, respectively, whereas 5’ to
noncoding exon 3 is a GC-rich promoter (P2)
(Fig. 1). Although it is not completely understood
whether PTHrP transcription is controlled by
each of these promoters in a tissue-specific man-
ner, all species identified to date share only one
functional promoter equivalent to the human P3,
but not P1 or P2 promoters. Therefore, it is likely
that the dominant transcriptional regulation of
PTHrP operates through the P3 promoter [10].

Gene sequence comparison reveals that exons
equivalent to human exons 4, 5, 6, and 9 are
highly conserved among species, which suggests
that these exons may constitute the basic PTHLH
gene structure with important biological func-
tions (Fig. 1).

Alternative splicing gives rise to three sepa-
rate human PTHrP isoforms which differ at their
carboxyl-terminal ends and contain either 139,
141, or 173 amino acids. Although there is no
intron between exons 6 and 7 in the human
PTHLH gene, the junction provides a splice
donor site for acceptors at the beginning of exons
8 and 9 (Fig. 1). Exon 6 encodes a region, com-
mon to all three isoforms, whereas exons 8 and 9
encode the exclusive carboxy termini of PTHrP
1-173 and 1-141 isoforms (Fig. 1). The mRNAs
for each of these isoforms are commonly
expressed in various normal and cancer tissues in
humans, but the full characterization of their tis-
sue distribution, processing, and function remains
to be established. In contrast to the human
PTHLH gene organization, the gene organization
in other species is relatively simple, with a single
promoter producing one single isoform. In rat
and mice, mature peptides of 141 and 139 amino
acids, respectively, are expressed [11, 12]. The
PTHLH gene yields a single mature peptide of
139 amino acids in chicken and 126 amino acids
in fugu [13, 14].

PTHrP Physiology

PTHrP Protein Structure, Functional
Domains and Its Receptor

PTHrP amino acid sequences uncovered several
functional domains including a prepro sequence,
a PTH-like region, a nuclear localizing sequence
(NLS), and a C-terminal domain named osteo-
statin (Fig. 2). The intracellular “prepro” precur-
sors —36 to —1 of the mature peptide are
necessary for intracellular trafficking and secre-
tion of the PTHrP polypeptide [10]. The PTH-
like region is essential for nearly all the agonist
actions of PTHrP at the classical PTH/PTHrP
type 1 receptor (PTHIR), a class II G-protein
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Fig. 2 Human PTHrP functional domains and amino acid
sequences. The three isoforms resulting from alternative
splicing have 139, 141, and 173 amino acids (aa), respec-
tively. The prepro region (gray) includes the signal

coupled receptor, expressed on classic PTH tar-
get tissues (bone and kidney) that regulate cal-
cium and phosphate homeostasis. This PTH-like
region covers the first N-terminal domain of
PTHrP (amino acids 1-13), which shares the
highest degree of primary sequence homology
with PTH (8 of the first 13 residues are identical).
The following 14-36 region of PTHrP has no
homology with the primary amino acid sequence
of PTH; however, it is critical for the binding of
PTHrP to the PTHIR. Competitive binding

sequence (aa —36 to —1). The PTH-like region (yellow)
binds to the PTHIR receptor (aa 1-34). The region respon-
sible for nuclear localizing sequence (NLS) (green) is (aa
67-94). The osteostatin region (orange) is (aa 107-111)

assays have shown that PTH (1-34) and PTHrP
(1-36) bind PTHIR with almost equal affinity,
whereas shorter N-terminal fragments of either
PTH or PTHrP do not [15]. This indicates that the
binding domain of PTHrP (14-36) has a similar
secondary structure to PTH, regardless of the dif-
ferences in primary structure.

Upon binding to the PTHIR in bone and
kidney, PTHrP can activate intracellular
cyclic 3’, 5’-adenosine monophosphate (cAMP)
which further activates both the adenylyl
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cyclase/protein kinase A (PKA) pathway as well
as the calcium/inositol phosphate/protein kinase
C pathway [16]. PTHrP is frequently coex-
pressed in the same cells or expressed in those
immediately adjacent to PTHIR. Such close jux-
taposition of cells expressing PTH1R and PTHrP
highlights its function as a paracrine/autocrine
factor in many tissues [10]. For example, PTHrP/
PTHIR signaling system is crucial not only for
physiological functions of PTHrP in bone and
mammary gland development but also for patho-
logical effects of PTHrP as a circulating, tumor-
derived factor in HHM, as well as a locally
produced factor at metastatic sites.

The mid-region (amino acids 37-106) of
PTHrP includes a nuclear localization sequence
(NLS) within residuals 67-94, which can translo-
cate cytoplasmic PTHrP into the nucleus. The
NLS of PTHrP contains a basic amino acid
sequence, so called cell-penetrating peptides
(CPPs), which is homologous to the NLS found
in human retroviral regulatory protein [17]. The
putative length of NLS was defined by Lam and
colleagues to reside between residues 67-94
[18]. The PTHrP import mechanism involves the
NLS forming a complex composed of importin
and the monomeric GTP-binding protein Ran
which is then transported into the nucleus through
the nuclear port complex [10]. PTHrP residues
83-93 are essential for importin f recognition,
with residues 71-82 required for high-affinity
binding [19]. The crystal structure of a fragment
of importin f bound to the non-classical NLS of
PTHrP provides the most important molecular
evidence for supporting this region as the NLS
[20]. This is a strong evidence to support the
intracrine role of PTHrP aside from its autocrine/
paracrine actions.

Although the actions of PTHrP in the nucleus
are not fully understood, current evidence indi-
cates that it plays important roles in both normal
and malignant cells. PTHrP can be targeted to the
nucleus in vascular smooth muscle cells and this
nuclear targeting is associated with an increase of
vascular smooth muscle cell proliferation [21]. In
breast, colon, and prostate cancer cells, the
nuclear pathway was found to stimulate cell pro-
liferation, prevent tumors cells from apoptosis or
anoikis, and stimulate cell migration [22].

Finally, the C-terminal region consisting of
amino acids 107-139 is associated with inhibi-
tion of osteoclast function and stimulation of
osteoblast proliferation [23-25]. It has also been
found that this region together with the NLS can
increase mitogenesis in vascular smooth muscle
cells [26]. However, it should be noted that this
C-terminal region is the least conserved domain
among all species, the human and mouse having
only seven residues, and rat and human having 13
residues in common. The functions of the
C-terminal region of PTHP remain controversial
and need further investigation.

Normal Physiological Functions
of PTHrP

PTHrP is expressed in many normal cell types
and tissues and therefore normal physiological
functions have been proposed. In normal physio-
logical condition, PTHrP acts as an endocrine
factor only in two identified circumstances: (1) in
lactation where PTHrP is produced by the breast
and reaches the circulation [27]; (2) in the fetus,
where it regulates maternal fetal calcium trans-
port [28]. In most cases, PTHrP is regarded as
having an autocrine or paracrine role in normal
development and postnatal physiology. Here, we
will focus on the functions of PTHrP in bone and
mammary gland development in order to better
examine its pathological role in breast tumor ini-
tiation, progression, and bone metastasis.

PTHrP in Mammary Gland
Development

A human monogenetic disorder and animal mod-
els have shed light on the crucial role of PTHrP in
mammary gland development [29]. Fetuses with
Blomstrand chondrodysplasia lack breast tissue,
indicating that PTHrP is essential for breast
development in humans [30]. Studies in Pthlh-
and Pthlr-null mice show that PTHrP signaling
is indispensable for the formation of mammary
glands [29]. The mammary gland formation in
embryos is regulated by a cross-talk between the
epithelial cells in the bud and ducts and adjacent



166

R.Zhang et al.

mesenchymal cells in the stroma [29]. In mice
and human fetuses, PTHrP is expressed by the
epithelial cells in the mammary bud, which inter-
acts with the PTHIR expressed by the surround-
ing mesenchyme [31]. PTHrP-PTH1R cross-talk
is required for the differentiation of the mesen-
chymal cells, which in turn stimulates the out-
growth of the epithelial ducts [31]. Disruption of
either PTHrP or PTHIR interrupts the cross-talk
between epithelium and mesenchyme, leading to
a failure of mammary development in mice and
humans [31]. Potential downstream signaling
regulated by PTHrP includes Wnt and bone mor-
phogenetic protein 4 (BMP4) as well as upregu-
lation of several transcription factors including
muscle segment homeobox 2 (Msx2), androgen
receptor, and lymphoid enhancer-binding factor
1 (Lefl) [32, 33]. After embryogenesis, PTHrP is
highly expressed by alveolar epithelial cells dur-
ing lactation and is secreted into milk and into the
circulation [27].

PTHrP in Bone Development

Generation of mice homozygous for a disrupted
Pthlh gene established the first direct evidence for
a critical role for PTHrP in the process of normal
skeletal development. Pthlh-null mice die at birth,
probably of asphyxia, and exhibit widespread
abnormalities of endochondral bone development
[34]. Subsequent studies characterized this phe-
notype of chondrodysplasia as a consequence of
diminished proliferation, accelerated differentia-
tion, and premature apoptotic death of chondro-
cytes [16]. Jansen’s metaphyseal chondrodysplasia
(JMC), a rare autosomal dominant human disor-
der, provided the first evidence that PTHrP actions
in endochondral ossification are mediated by
PTHIR [35]. Four different mutations in the
PTHIR gene have been described in patients with
JMC which lead to a constitutive, PTHrP-
independent receptor activation [35]. Such acti-
vating PTHIR mutations in humans with JMC
and overexpression of the same constitutively
active receptor in the growth plate of transgenic
mice gave rise to a delayed endochondral bone

formation phenotype [35, 36]. Overexpression of
Pthrp in chondrocyte of transgenic mice results in
a similar pattern as observed in mice with active
Pthlr overexpression in chondrocyte [37].
Alternatively, mice with homozygous Pthlr dis-
ruption exhibit accelerated differentiation of
chondrocytes, and a more severe but similar phe-
notype to the one observed in Pthlh-null mice
[38]. Together, loss-of-function mutations in
PTHIR gene causes skeletal abnormalities
observed in infants with Blomstrand chondrodys-
plasia, which are mirror images to those observed
with JIMC [39]. These findings provide sufficient
proof that PTHIR mediates most of the cartilagi-
nous effects of PTHrP.

It is interesting to note that the phenotype of
Pthlr-null mice does not fully recapitulate the
one observed in Pthlh-null mice, indicating that
PTHrP may exert additional effects in a PTHIR-
independent fashion. Knock-in mice homozy-
gous for a truncated Pthrp 1-84, missing the NLS
and the C-terminal region but preserving their
ability to bind with Pthlr were generated [40].
These knock-in mice displayed retarded growth,
early senescence, and malnutrition leading to
their rapid postnatal demise [40]. This model
established a pivotal role for nuclear PTHrP in
promoting cellular proliferation while inhibiting
pathways leading to senescence.

Pthlh-null mice not only unraveled the central
role of PTHrP in endochondral bone formation
but also revealed the importance of PTHrP post-
natally in bone remodeling. Bone is a dynamic
organ that undergoes continuous remodeling.
Bone homeostasis depends on the balanced activ-
ities between osteoblasts (mesenchymal stem
cell-derived bone-forming cells) and bone-
resorbing cells of monocyte and macrophage lin-
eage known as osteoclasts (Fig. 3). First, in the
Pthlh-null mice, osteoblastic progenitor cells
contain an inappropriate accumulation of glyco-
gen, which indicates a metabolic defect in cells
of the osteogenic lineage secondary to PTHrP
deficiency [41]. Second, heterozygous Pthlh-null
mice are born phenotypically normal, but exhibit
a low bone mass by 3 months of age characterized
by a marked decreased in trabecular thickness
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Fig. 3 Paracrine actions of PTHrP in bone remodeling.
PTHrP produced by cells of the early osteoblast lineage
acts on more advanced differentiated cells possessing the
PTHIR, therefore promoting their differentiation and
bone formation and while inhibiting apoptosis of mature

and connectivity, and an abnormally high number
of adipocytes in the bone marrow [42]. Third,
PTHrP and PTHIR are expressed at different
stages of the osteogenic lineage, indicating its
pivotal role in the regulation of the maturation of
pluripotential bone marrow stromal cells toward
the osteogenic lineage [16].

During times of bone homeostasis, osteoclast
activity and maturation is regulated by the inter-
action between its receptor activator of nuclear
factor kB (RANK) surface receptor and that of
the receptor activator of nuclear factor kB ligand
(RANKL) protein expressed by osteoblasts and
other bone marrow stromal cells; whereas osteo-
protegerin (OPG), a decoy receptor for RANKL,
diverts RANKL binding to RANK, reduces the
half-life of membranous RANKL, and therefore
inhibits bone resorption induced by osteoclasts
[43]. PTHrP can stimulate bone resorption indi-
rectly by upregulating the expression of RANKL
in stromal osteoprogenitors [44] (Fig. 3). Binding
of RANKL to RANK, a membrane protein
expressed by hematopoietic progenitors, results
in increased differentiation of osteoclast precur-
sors and maturation (Fig. 3).

osteoblasts. Moreover, PTHrP increases production of
RANKL and binding of RANKL to RANK on hematopoi-
etic progenitors leading to enhanced differentiation of
osteoclast precursors and osteoclasts activation

PTHrP and Cancer Biology

PTHrP and Malignancy-Associated
Hypercalcemia (MAH)

MAH is a well-known complication of cancer
and occurs in about 20-30% of cancer patients
[45]. MAH is classified into four groups: humoral
hypercalcemia of malignancy (HHM), local
osteolytic  hypercalcemia (LOH), excess
1,25(0OH),D production, and ectopic PTH secre-
tion. In 1936, Gutman et al. identified LOH in
patients suffering from multiple myeloma and
breast cancer (BC) with extensive bone lesions
[45]. In 1941, Fuller Albright proposed a mecha-
nism of hypercalcemia independent of bone
metastasis [1]. The existence of a systematic fac-
tor with PTH bioactivity was suggested when
Albright described a patient with renal carci-
noma, hypercalcemia, and hypophosphatemia
following an irradiation of bone [1]. At present,
hypercalcemia secondary to PTH-like mediators
accounts for approximately 80% of the cases,
whereas LOH accounts for most of the remaining
cases in cancer patients [45]. Excess 1,25(OH),D
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production accounts for <1% of all cases and
ectopic PTH secretion by tumor cells is an even
rarer event [45].

The classic signs and symptoms of severe
hypercalcemia include confusion, constipation,
nausea, anorexia, and coma. Elevated PTHrP in
the context of hypercalcemia is almost always
associated with PTH suppression [45]. A low or
low-normal serum phosphorus level, if present,
confirms the diagnosis [45]. There is still some
controversy about the 1,25(OH),D circulating
level in HHM which has been found to be either
suppressed, normal, or even elevated [46—48].
Breast, renal, and squamous carcinomas are the
most common solid cancers associated with
hypercalcemia [45]. Among hematological
malignancies, multiple myeloma is the most
commonly associated with hypercalcemia, fol-
lowed by leukemia and non-Hodgkin’s lym-
phoma [45]. Circulating PTHrP levels have been
reported to be elevated in 50-90% of hypercal-
cemic cancer patients with solid tumors and in
25-60% of patients with hematological malig-
nancies [49]. In addition, circulating PTHrP may
also have prognostic value. A prospective study
conducted by our team in patients with MAH
indicated that elevated circulating PTHrP is an
indicator of poor prognosis and is associated
with reduced survival (Fig. 4) [51]. Several other
studies also confirmed the prognostic value of
PTHrP [52, 53].

However, measurement of serum PTHrP pres-
ents few challenges. First, tumors may express
several isoforms of PTHrP which could either
circulate intact or be subjected to further metabo-
lism. The nature of these potential circulating
forms is still elusive. Second, it has been chal-
lenging to establish appropriate immunoassays
that can recognize these multiple circulating
either bioactive or inactive forms. Shortly after
the discovery and characterization of PTHrP,
immunoassays were developed which focused on
the recognition of both the N-terminal (1-36)
bioactive region and the inactive C-terminal
(109-136) region of PTHrP [54]. However, little
or no immunoreactivity was detected in the circu-
lation of patients with MAH indicating that the
three intact isoforms were likely metabolized.

Burtis et al. also designed a two-site immunoas-
say using two polyclonal antibodies, a capture
antibody raised against PTHrP 37-74, and a
radiolabelled signal antibody raised against
PTHrP 1-36 [54]. Most patients with HHM had
elevated PTHrP levels indicating that PTHrP
fragments containing at least the first 74 amino
acids were present in a variety of hypercalcemic
cancer conditions [54]. In addition, Burtis et al.
also developed yet another C-terminal radioim-
munoassay using a polyclonal antibody raised
against PTHrP 109-138 and were able to detect
high levels of PTHrP in the circulation of renal
failure patients with MAH [54]. An ultrasensitive
multiplex two-site immunoassay has recently
been reported capable of simultaneously measur-
ing several circulating forms of PTHrP with a
limit of detection (LODs) of 150 aM (~1000 fold
lower than current immunoradiometric assay)
[55]. The clinical value of such ultrasensitive
multiplex two-site immunoassay for the diagno-
sis and prognosis of cancer patients needs further
evaluation in well-established populations.
Current therapies in MAH in individuals suf-
fering from moderate to severe hypercalcemia are
aimed at lowering serum calcium levels, and spe-
cifically act by inhibiting bone resorption [45].
Bisphosphonates are the standard of care in the
treatment of MAH since their approval in the late
1980s, and include mainly pamidronate and zole-
dronic acid administered intravenously [45]. In
2014, the monoclonal antibody denosumab,
directed against RANKL, was approved for the
treatment of bisphosphonate refractory hypercal-
cemia [56]. Even though these currently approved
therapies can successfully control blood calcium
levels and markedly decrease the symptoms of
hypercalcemia, such modalities have had little
effect on the patients’ mortality associated with
the underlying malignancy [45]. However, in the
case of HHM, all therapies mentioned above do
not target the primary underlying cause of hyper-
calcemia, namely PTHrP, and it is therefore not
yet established whether therapies targeting PTHrP
will have an additional benefit. Ogata infused chi-
meric anti-PTHrP antibodies into nude mice
transplanted with PTHrP-secreting human cancer
tissues and found this treatment resulted in a
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prompt and sustained decline in serum calcium
[57]. This response was accompanied by improve-
ments in food intake, water intake, body weight
gain, and general behavior [57]. Compared to the
effects of either bisphosphonates or calcitonin, the
author found that some beneficial effects of the
antibody were independent of blood calcium lev-
els [57]. These additional benefits of using anti-
PTHrP antibodies need further investigation.

PTHrP and Cancer Development

The significance of PTHrP expression by differ-
ent malignancies is likely not confined to
MAH. Overexpression of PTHrP in the absence
of hypercalcemia is very common in breast, pros-
tate, lung, and colon cancers [50]. In contrast,
normal or non-neoplastic tissues express low lev-
els of PTHrP [50]. This correlation between
PTHrP expression and tumor progression sug-
gests that it could be mechanistically linked.

PTHrP expression has been shown to be
under the control of numerous growth and
angiogenic factors such as transforming growth
factor beta (TGF-p), epidermal growth factor
(EGF), platelet-derived growth factor (PDGF),
and vascular endothelial growth factor (VEGF)
[50]. Various in vitro studies have provided
mounting evidence of the multifunctional role
of PTHrP in cancer cell biology including regu-
lation of tumor cell growth, differentiation, and
invasion as well as regulation of tumor cell sur-
vival factors and interference with apoptotic
signaling pathways [50].

PTHrP in Breast Cancer Development

BC is a heterogeneous disease characterized by
different pathological and molecular subtypes
that have different treatment responses and clini-
cal outcomes. Breast cancer receptor status, most
commonly defined by estrogen-receptor (ER),
progesterone-receptor (PR), and human epider-
mal growth factor receptor 2 (HER2) status in the
clinical setting, is critical for determining thera-
peutic intervention and prevention strategies. In

addition to the receptor status, five distinct human
subtypes have been defined based on gene expres-
sion profiling. These include the luminal A (ER
and/or PR positive and HER2 negative) and B
(ER and/or PR positive and HER?2 negative/posi-
tive), basal-like (ER, PR, and HER2 negative),
claudin-low (ER, PR, and HER2 negative), and
HER2/ERBB2-positive (ER and PR negative and
HER2 positive) tumors [58]. Most basal-like
tumors have a ‘triple-negative’ immunopheno-
type (defined by absence of ER, PR, and HER2
expression) and their gene expression signatures
are similar to those of normal basal/myoepithe-
lial cells [59].

Studies investigating the role of PTHrP in BC
progression have reported conflicting results.
Our most recent in silico gene expression analy-
ses using 36 public datasets and 5861 patients
identified for the first time significant positive
correlations between PTHLH expression and
components of signaling pathways enriched in
the triple-negative breast cancer (TNBC) sub-
types including mesenchymal and Iuminal
androgen receptor (LAR) subtypes [60, 61].
Notably, TNBC (ER, PR, and HER?2 negative) is
characterized by aggressive clinical course,
increased rate of metastasis, and lack of targeted
therapy, highlighting the need for novel prognos-
tic biomarkers and molecular targets for this dis-
ease [62—64]. Therefore, we explored the clinical
significance of PTHrP in TNBC using a
population-based cohort of treatment-naive
patients with newly diagnosed TNBC [65].
Immunohistochemical analysis of PTHrP
expression in a tissue microarray constructed for
523 TNBC patients from this cohort revealed
that PTHrP is overexpressed in 55.2% of TNBC
tumors and its overexpression was significantly
associated with decreased overall survival [66].
Consistent with our previously published results
in the MMTV-PyMT mouse model, we found
that loss of PTHrP expression dramatically pro-
longs tumor latency and slows tumor growth and
metastasis [67]. Additionally, we developed a
blocking monoclonal antibody against PTHrP
and demonstrated that it could inhibit primary
tumor growth and lung metastasis in a human
BC xenograft model [67].
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These data are in line with several studies
showing that PTHrP expression in BC is corre-
lated with poor patient survival [68—72]. In con-
trast, one study has suggested that PTHrP
expression decreases the malignant potential of
human breast tumors [73]. In this latter study,
Henderson et al. carried out a 10-year prospec-
tive analysis of consecutive breast patients at the
Breast Unit of St. Vincent’s Hospital in Australia,
and found that positive PTHrP staining was an
independent predictor of improved survival, and
reduced metastasis at all sites [73]. Similarly, a
study from the same group using an MMTV-neu
BC mouse model found that disruption of
PTHrP resulted in higher tumor occurrence
[74].

By contrast, additional pre-clinical and clini-
cal studies appear to support a detrimental role of
PTHrP in tumor progression. First, one large
genome-wide association study (GWAS) has
implicated the PTHLH gene as a major BC sus-
ceptible locus [75]. Second, Kim et al. found that
ablation of the calcium-sensing receptor (CaSR)
in the MMTV-PyMT mouse model and in BC
cell lines inhibited PTHrP expression and slowed
tumor cell growth [76]. Their findings convinc-
ingly show that the CaSR-PTHrP pathway con-
tributes to the growth of breast tumors in the
MMTV-PyMT mice in vivo. They also docu-
mented a positive correlation between CaSR and
PTHrP mRNA expression not only in this animal
model but also in human samples [76]. This is
particularly interesting since the MMTV-PyMT
mouse model has been shown to share many
characteristics of human basal-like cancer [77].
Finally, using RNAseq analyses, another group
has shown that overexpression of PTHrP in
MCF7 cells downregulates eight pro-dormancy
genes likely through calcium signaling pathways
in BC [78].

In summary, based on these observations,
PTHrP appears to play a crucial role in BC
development. The apparent divergent clinical
results between the study published by
Henderson et al. and other groups, including
ours, could be attributed to features unique to
this study, such as the ethnicity/race of the
patients or the cut-off for PTHrP positivity in
IHC staining analysis.

Pthlh Gene Ablation in Mammary
Epithelial Cells and Its Consequences
on Tumor Initiation, Growth,
and Metastasis
PTHrP is expressed in normal mammary epithe-
lial cells and its expression increased during BC
development. To unravel the mechanistic role of
PTHrP in BC initiation and progression, we
ablated the Prthlh gene in mammary epithelial
cells and examined its consequence on tumor
progression in the MMTV-PyMT mouse model.
The MMTV-PyMT transgenic mouse is an
excellent model mimicking many of the biological
steps of human BC progression. Lin et al. identi-
fied four distinct BC stages, which are comparable
to the human diseases from the premalignant stage
to advanced disease [79]. Polyomavirus middle T
antigen (PyMT) is a membrane-attached protein
encoded by the mouse polyomavirus (PyV). PyV
expresses three T antigens: a Large T (LT, 100-
kDa), a Middle T (MT, 55-Kda), and a Small T
(ST, 22-KDa), but only MT is the PyV oncogene
that targets key cellular regulators promoting
uncontrolled cell proliferation [80]. Previously, the
MMTV-PyMT mouse model was regarded as
being mainly associated with human luminal B
subtype characterized by expression of the luminal
K&8/18, and overexpression of ErBB2 and low lev-
els of ER [81]. However, a recently published
paper showed that MMTV-PyMT mouse has het-
erogeneous transcriptomes with both luminal B
and basal-like phenotypes [77]. During tumor pro-
gression, in MMTV-PyMT mouse model, ER and
PR receptors status were lost whereas the HER2
receptor was overexpressed [79].

PyMT PTHrPfioflox; Cre* mT/mG Mouse
Model

MMTV-Cre transgenic mice have been used
extensively to obtain consistently high expres-
sion of Cre recombinase in the mammary epithe-
lium [82]. To study the function of PTHrP in BC
progression, we used a Cre-Lox recombination
system to delete exon 4 of PTHrP [83]. Li et al.
constructed Prhrp™¥*, Cre* (KO) tumor-bearing
mouse model specifically inactivating the Pthlh
gene in the mammary epithelium by crossing
homozygous (flox/flox) Pthlh mice with MMT V-
Cre; MMTV-PyMT mice [67].
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The availability of the conditional fluorescent
reporter mouse model (mT/mG) has also enabled
us to trace Cre expression at a cell-specific level
[84]. In this model, the mT/mG reporter transgene
is driven by a strong ubiquitous promotor (ACTB)
from the well-characterized Gt(ROSA)26Sor
genomic locus in which transgene expression of
tdTomato (a red fluorescent protein) converts to
the expression of enhanced green fluorescent pro-
tein (GFP) after Cre recombinase-mediated intra-
molecular rearrangement of the fluorescent
protein-encoding transgene [84]. The activation
of the GFP marks Cre expressing cells and all
their descendants, since the ROSA26 promoter is
expressed in all embryonic and adult mouse tis-
sues [84]. We constructed Pthrp"*; Cre* and
Pthrp"”*; Cre* mT/mG mice models which can
exclusively activate Cre expression in mammary
epithelium and specifically express membrane-
targeted GFP [85]. The advantage of this approach
is to distinguish the membrane-targeted GFP from
the membrane-targeted red fluorescent backlight
of stromal and nonepithelial-derived mammary
tissues during tumor progression (Fig. 5) [85].
Moreover, we will be able to trace and enrich the
GFP-positive tumor cells from the primary site to
the blood and metastatic site. This model will also
help us to further investigate the mechanistic link
between PTHrP and tumor progression process
from initiation to metastasis.

Role of PTHrP in Breast Cancer
Metastasis to Bone

Almost 70% of advanced-stage BC patients will
develop bone metastasis that is commonly asso-
ciated with pain, hypercalcemia, and pathologic
fractures [43]. In 1889, Dr. Stephen Paget pro-
posed the “seed and soil” hypothesis, which
states that disseminated tumor cells (“the seeds”)
need the proper microenvironment (“the soil”)
for them to grow [86]. Cancer metastasis is a
complex and multi-step process that involves two
major factors: tumor cells and the metastatic site.
The tumor cells must detach from the primary
tumor, lose their epithelial polarity, invade the
basement membrane and extracellular matrix,
reach the capillary blood, survive and finally

extravasate into a distant site. The metastatic site
plays a role as a fertile soil that provides suffi-
cient support for tumor cells to grow. Once meta-
static BC cells are in the bone marrow, they can
effectively ‘hijack’ the normal bone homeostatic
signals and therefore result in excessive osteo-
clast activation leading to enhanced bone resorp-
tion [43]. Current findings have revealed that
there is a ‘vicious cycle’ in which metastatic cells
residing in the bone marrow secrete factors that
induce osteolytic bone resorption, and growth
factors released from resorbed bone further stim-
ulate tumor growth (Fig. 6).

More than 50% primary BCs and 90% of bone
metastasis show strong positivity for PTHrP
expression [87]. These have provided the ratio-
nale that PTHrP expression in the bone marrow
by BC cells promotes bone resorption and tumor
cell growth. Due to the complexity of the vicious
cycle in the bone metastatic process, the funda-
mental molecular mechanisms of the role of
PTHrP in BC metastasis to bone remain elusive.
Previous studies showed that PTHrP is a crucial
regulator of bone metastasis and together with
other growth factors such as TGF-f and chemo-
kine C-C motif ligand 2 (CCL2) accelerates
tumor growth and bone metastasis progression
[88, 89]. A series of studies showed that overex-
pression of PTHrP converted human MCF7 BC
cells from a dormant phenotype into a more
aggressive metastatic phenotype [90]. Subsequent
RNAseq analyses indicated that such overexpres-
sion of PTHrP in MCF7 cells downregulated sev-
eral pro-dormancy genes [78]. The author further
confirmed that differential gene expression
responses to PTHrP overexpression do not signal
through the activation of the cAMP/PKA/CREB
pathway mediated by PTHIR [78]. Interestingly,
the authors using RNAseq analyses found that
the PTHrP overexpression upregulates calcium
signaling pathway, but the specific intracellular
pathways that mediate these non-PTHIR-
mediated actions remain unknown [78]. It has
also been shown that CaSR activation stimulated
PTHrP production by breast cancer cells in vitro
and in vivo which suggests that CaSR acts
upstream of PTHrP [76]. These results raised a
possibility that PTHrP exerts its osteolytic effect
in bone through the activation CaSR signaling,
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possibly in a feed-forward loop. Furthermore,
how exactly PTHrP produced by tumor cells
interacts with other tumor-derived factors into
the bone microenvironment is still unclear.

Role of PTHrP in Breast Cancer
Metastasis to Brain

BC is the second most frequent cause of brain
metastasis after lung cancer, with a risk of
10-16% in advanced BC patients [91]. Previous
studies revealed that patients with TNBC or
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HER2-positive tumors have an increased risk of
brain metastasis [91]. Brain metastasis from BC
is a catastrophic event associated with a median
survival of ~15 months despite treatment [91].
Identification of prognostic biomarkers associ-
ated with BC brain metastasis could be beneficial
to identify patients at risk and inform appropriate
clinical management decisions to improve their
survival outcomes. Interestingly, we reported a
strong association between high PTHrP expres-
sion in archived primary tumors of patients newly
diagnosed with TNBC and higher propensity for
brain progression [66]. These clinical results
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Metastatic Tumor cells

Fig. 6 PTHrP-dependent vicious cycle of bone metasta-
sis. Tumor-derived PTHrP acts in a paracrine manner to
stimulate osteoblasts within the bone microenvironment.
Stimulated osteoblasts express RANKL, which binds to
RANK on osteoclast precursors leading to the formation
of multinucleated, bone-resorbing osteoclasts. Finally,
osteoclastic bone resorption releases growth factors from

were also validated using in silico analyses,
which showed that PTHLH expression positively
correlated with signature genes not only involved
in bone and lung metastasis in all BC subtypes
examined but also, for the first time, correlated
with brain metastatic genes: HBEGF (heparin-
binding EGF-like growth factor) and ANGPTL4
(angiopoietin-like 4) selectively in TNBC and
basal-like subtypes [60]. Collectively, these
results reveal for the first time a possible role of
PTHrP in TNBC-associated brain metastasis.

Summary and Conclusion

PTHTrP was first discovered as the most common
mediator of MAH. Subsequently, the discovery
of its ubiquitous expression in normal tissues
unraveled its role as a physiological autocrine/

the mineralized matrix (bone-derived growth factors), fur-
ther enhancing tumor growth and survival. This creates a
‘vicious cycle’ in which tumor-derived PTHrP deregu-
lates bone remodeling and accelerates bone resorption.
This self-perpetuating cycle results in increased tumor
burden and bone destruction

paracrine regulator. During the bone metastatic
process, tumor-produced PTHrP plays a critical
role in perpetuating the ‘vicious cycle’ that was
created between the tumor cells and bone micro-
environment. Furthermore, mounting evidence
appears to indicate that PTHrP regulates most if
not all the critical steps of tumor progression
within and outside the skeleton. The strong cor-
relation that we identified between PTHrP
expression and breast cancer progression in addi-
tion to survival in TNBC suggests that PTHrP-
targeted therapies representing a promising
strategy, which should be further explored in this
subtype with limited therapeutic options.
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