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ABSTRACT: This article critically reviews the current state of knowledge regarding the recently identified and 
cloned novel hormone parathyroid hormone-related protein (PTHrP). PTHrP is produced by tumors associated 
with the syndrome of humoral hypercalcemia of malignancy giving rise to the parathyroid hormone (FTH)-like 
symptoms characteristic of the syndrome. 

Areas that will be reviewed include identification, purification and cloning, localization, actions, and 
significance of PTHrP in cancers and normal physiology. The structure and regulation of the PTHrP gene that 
may be ancestrally related to the PTH gene will also be discussed. 

Studies in vivo and in vitro with synthetic and recombinant PTHrP sequences and antibodies developed 
against them have established that the PTH-like actions of PTHrP are mediated via the N-terminal sequences, 
which show some limited sequence homology with PTH. 

Evidence for PTH and non-PTH-like actions of PTHrP in normal physiology, which implicate a role for 
FTHrP in fetal and neonatal development, is also presented. 

KEY WORDS: PTHrP, hypercalcemia, cancer, development, calcium. 

1. INTRODUCTION 

The term, humoral hypercalcemia of malig- 
nancy (HMM) is used to describe patients with 
certain cancers in whom the blood calcium level 
is elevated in the absence of metastatic deposits 
in bone. The syndrome occurs most commonly 
with squamous cell carcinomata, especially of the 
lung, but also with a variety of other tumors, 
especially renal cortical carcinoma and several 
cancers of other than squamous cell 0rigir1.I.~ A 
humoral mechanism of hypercalcemia has also 
been recognized relatively recently in patients 
with breast cancer,‘ and, furthermore, in the re- 
trovirus (HTLV- 1 )-associated adult T-cell leu- 
kemia, the mechanism of hypercalcemia appears 
to be the same as that in patients with the HHM 
syndrome and solid tumor.5 

It has been recognized since the 1930s that 

the high plasma calcium and low plasma phos- 
phorus levels occurring in many patients with 
cancers, especially of the lung or kidney, resem- 
ble the biochemical changes of primary hyper- 
parathyroidism. Because of this it was suggested 
by Albright6 that malignancy-associated hyper- 
calcemia might be due to production by the can- 
cers of parathyroid hormone (PTH). This concept 
of “ectopic” PTH production by cancers gained 
favor and was thought to explain hypercalcemia 
in cancer, especially when bone metastases were 
not detected.’ 

Eventually it became clear, however, that the 
tumor product most likely responsible for the hy- 
percalcemia was not PTH itself but some factor 
that exerted physiological actions very similar to 
those of PTH, most likely by interacting with the 
PTH receptor.*-I0 In 1987 this cancer protein was 
isolated, cloned, and expressed, revealing the ex- 
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istence of a PTH-related protein (PTHrP) that 
fulfilled these predictions made on the basis of 
previous clinical 

II. THE EXISTENCE OF A PTH-LIKE 
FACTOR IN CANCERS 

Clinical studies of the early 1980s showed 
convincingly the striking similarities between the 
biochemical features of the HHM syndrome and 
those of primary hyperparathyroidism. 1 2 - 1 4  Since 
the immunoreactive PTH levels in those patients 
were suppressed, it became more evident that the 
responsible agent must be different, but capable 
of reproducing the actions of PTH. By this time, 
biological assays for PTH-like activity had been 
developed that were very sensitive and specific, 
robust, and suited to the assay of the large num- 
bers of samples that would be required in pun- 
fication work.8-'o 

These assays, depending on the ability of 
PTH to activate adenylate cyclase, either in kid- 
ney or bone cell targets, were used in the work 
over the next few years, which resulted in the 
isolation of parathyroid hormone-related protein 
(PTHrP). Extracts of tumors from HHM patients 
containing no immunoassayable FTH were shown 
to be capable of activating adenylate cyclase in 
kidney membranes and increasing cyclic AMP 
production in osteoblast-like bone  cell^.^^*^ This 
adenylate cyclase-stimulating activity could be 
shown in FTH target tissues only and was inhib- 
ited by peptide antagonists of FTH. However, 
no inhibition of this activity resulted from prein- 
cubation with an antibody to PTH, which was 
capable of completely obliterating the PTH re- 
sponse in these systems. A very sensitive cyto- 
chemical assay for PTH was also used to show 
that some tumor mRNA injected into Xenopus 
oocytes produced PTH-like activity inhibited by 
FTH antagonists but not by anti-PTH anti~era. '~ 
Furthermore, this same sensitive PTH assay was 
employed to find increased circulating biological 
activity in patients with HHM in the presence of 
low or undectable immunoreactive PTH. I6 All of 
this was strong evidence that HHM cancers pro- 
duced a substance chemically distinct from PTH, 
but that acts upon PTH target cells through, or 
in close association with, the PTH receptor. The 

production of such activity was also shown in 
certain animal tumors associated with humoral 
hypercalcemia, 1 0 ~ 1 7  in cell cultures established 
from these tumors, and in a cultured cell line 
established from a renal cortical carcinoma re- 
moved originally from a hypercalcemic patient .8 

111. ISOLATION OF PTHrP 

We found that a human lung cancer cell line 
(BEN) that we had been studying for several years 
produced substantial amounts of this PTH-like 
adenylate-cyclase-stimulating activity. The BEN 
cell line had been established originally from a 
patient with hypercalcemia and squamous cell 
carcinoma of the lung.'* FTH-like biological ac- 
tivity could be detected in dilutions of BEN-con- 
ditioned medium, and activity was unimpaired 
by prior incubation with a goat antiserum against 
human PTH(1-34), which completely blocked the 
activity of human PTH(1-34) itself. On the other 
hand, specific peptide antagonists of PTH were 
able to inhibit the activity from BEN cell 
medium. I '  

Purification of the active components from 
BEN cell medium was achieved by processing 
large batches of conditioned medium through ca- 
tion exchange chromatography and several re- 
verse-phased high-pressure liquid chromatogra- 
phy steps, with monitoring of purification at all 
stages by the use of the sensitive biological assay 
measuring the cyclic AMP response in parathy- 
roid hormone-responsive UMR 106.01 osteo- 
genic sarcoma cells. A protein of molecular 
weight 17 to 18,000 Da was purified in this way.I9 
Amino-terminal sequence analysis of purified 
material pointed to significant N-terminal ho- 
mology with PTH, with 8 of the first 13 residues 
identical with those in F'TH, and the specific bi- 
ological activity of this protein in the PTH assay 
was about 6 times greater than that of FTH it- 
self. l9 An apparently similar protein was purified 
from a breast cancer by Burtis et al.zO but no 
specific biological activity or sequence data were 
shown. The earlier publication of Rabbani et a1.21 
reported quite low specific activity proteins pur- 
ified from a rat Leydig cell tumor and a human 
squamous cell carcinoma from a patient with 
HHM. Amino acid analysis of these proteins sug- 
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hPTHrP 
rPTHrP 
mPTHrP 
cPTHrP 

hPTHrP 
rPTHrP 
MTHrP 

N T K N H P V R F G S D D E G R Y L T Q E T N K V E T Y K E O P L K T P G K K K K A K P G K R K E O  100 
N T K N H P V R F G S D D E G R Y L T O E T N K V E T Y K E O P L K T P G K K K K A K P G K R R E Q  
N T K N H P V R F G S D D E G R Y L T Q E T N K V E T Y K E O P L K T P G K K K K G K P G K R R E O  

hPTHrP E N N R R T H H H a  L l4 I S L P K S P L L L L 173 

hPTHrP 
hPTHrP 
hPTHrP 
rPTHrP 
mPTHrP 
CPTHrP 

FIGURE 1. Amino-acid sequence comparison of human (h), rat (r), mouse (m), and chicken (c) PTHrPs. Residues 
of identity with the human species are boxed, and dashes have been introduced to maximize the homologies. The 
differing C-terminal regions of human PTHrP (i.e., from residue 139), resulting from alternate splicing, are indicated. 

1 3 9  E K K K R R T R S A W L D S G V T G S G L E G D H L S D T S T T S L E L D S R *  

E K K K R R T R S A W L D S G V T G S G L E G D H L S D T S T T S L E L D S R R B *  1 4 1  
E K K K R R T R S A W L D S G V T G S G L E G D H L S D T S T T S L E L D S R T A L L W G L K K K K  
E K K K R R T R S A W P G T T G S 
E K K K R R T R S A W P S T A A S 

1 4 1  

1 3 9  

139  E K K R R ~ R  s A W ~ N  s a u  Y 

gested the presence of an unrelated protein con- 
taminated by a small amount of PTH-like activity. 

Subsequent purification work of BEN-cell- 
conditioned medium yielded amino-acid se- 
quence up to residue 50, using a combination of 
amino-terminal sequencing and the sequencing 
of an overlapping tryptic peptide, as well as a 
sequence from a tryptic peptide comprising res- 
idues 68 to 79.22 The amino acid sequence data 
were confirmed when the total sequence was de- 
duced from the nucleotide sequence of the iso- 
lated cDNA.,~ Subsequently two other groups 
isolated proteins with identical N-terminal se- 
quences from a breast tumor and from cultured 
renal carcinoma 

The striking homology with PTH about the 
amino-terminal region is not maintained in the 
remainder of the molecule, which therefore rep- 
resents a previously unrecognized hormone. It 
seemed most likely that PTH and PTHrP were 
related in evolution, having arisen from a com- 
mon ancestral gene, and diverging through gene 
duplication. For this reason the temporary name, 
parathyroid hormone-related protein, has been 
applied. The PTH-like portion of the molecule 
is confined to the amino-terminal region. 

IV. CLONING OF PTHrP AND 
PREDICTED STRUCTURE 

Knowledge of the first 24 amino acids of the 
sequence was used to prepare synthetic oligon- 
ucleotides probes, in order to isolate cDNA clones 
from a cDNA library in XgtlO, prepared from 
the BEN cells. Two 72-mer oligonucleotides were 
synthesized, one based on mammalian frequency 
tables and the other using codons from PTH for 
the positions of amino acid match. Full-length 
cDNA clones were isolated and found to encode 
a prepropeptide of 36 amino acids and a mature 
protein of 141 amino acids, containing no cys- 
teines, no methionines, and no potential NH2- 
linked glycosylation sites (Figure 1).22 The strik- 
ing homology with PTH about the N-terminus 
was obvious, but the remainder of the sequence 
was unique. There is little homology in the leader 
sequence with PTH, but the overall structure of 
the leader sequence suggests that it may function 
in a manner analogous to the prepro-sequence of 
PTH.25 A cleavage site present six or eight res- 
idues before the NH,-terminus provides for for- 
mation of a short basic, prosequence like that 
found in PTH, which would then be cleaved off 
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PTH 

human I I1 I11 

human 

mousehat 

FTHrP 

chicken 
I I1 I11 IV V 

FIGURE 2. Comparison of the genomic organization of the human PTH and PTHrP genes from mousehat 
and chicken. The coding regions and untranslated sequences are indicated by the closed and open boxes, 
respectively. The human PTHrP gene has been aligned below the human PTH gene at the common intron/ 
exon boundary 5‘ to their respective coding regions, while the mousehat and chicken structures are aligned 
over areas of sequence homology within the exon regions of the human gene sequence. Potential alternate 
splicing events of the human, mouse, rat, and chicken genes are indicated below. 

to give the mature protein. A long stretch of basic 
amino acids, which includes two potential ami- 
dation sites, is located between residues 86 and 
108, providing potential cleavage points for post- 
translational processing. Chicken, rat, and mouse 
PTHrPs have now also been cloned,26-28 and there 
is remarkable conservation of the primary se- 
quence of the predicted proteins up to residue 
111, after which there is considerable diver- 
gence. Examination of the nucleic acid sequences 
suggest that this divergence, in part, results from 
deletions and reading-frame shifts. 

The cDNA for PTHrP was subsequently 
cloned independently by Mangin et al.29 from a 
renal cortical carcinoma. Thiede et al.30 used the 
published cDNA sequence to clone FTHrP cDNA, 
which is also from a renal cortical carcinoma cell 
culture, as starting material. The combined stud- 
ies of the isolated PTHrP cDNAs by Thiede et 
al. ,30 Mangin et al. ,29 and Suva et al. ,23 and stud- 
ies of the structure of the gene by Mangin et 

al.,3’s32 Suva et al.,33 Yasuda et and Kar- 
aplis et al. ,35 reveal that PTHrP species of 139, 
141, and 173 amino acids can be produced and 
that multiple mRNA species with variable 5’ and 
3 ’ untranslated regions result from alternate splic- 
ing of the single-copy gene (Figure 2). Studies 
in various tumors and tissues have revealed, in 
many cases, multiple PTHrP mRNA and protein 

Proof that the isolated PTHrP cDNA re- 
flected a functional protein was obtained by ex- 
pressing biologically active PTHrP. A vector was 
constructed so that the full-length protein, in- 
cluding its prepro sequence, would be synthe- 
sized, by cytomegalovirus promoter-directed 
synthesis. The secretion and generation of an ac- 
tive molecule requires cleavage of this prepro 
sequence. With a similar vector constructed for 
expression of PTH as a positive control, trans- 
fection of these plasmids into COS-7 monkey 
kidney cells yielded PTH-like bioactivity in cul- 

species. 22.33.36-38 
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TABLE 1 
Related Genes Located on Chromosomes 11 and 12 

Location 

q l3  
p15.4 

P14.1-pl5 

pl5.5 
pl5.5 
q13 

pl5.5 
pl5.5 
pll-q12 

q12-q13.1 

Chromosome 11 
Gene 

Glutathione S transferase 
Parathyroid hormone 

Lactate dehydrogenase A 
Lactate dehydrogenase C 
Tyrosine hydroxylase 
Harvey ras sarcoma 1 
Murine mammary tumor virus integra- 

Insulin-like growth factor 
Insulin 
Coagulation factor II (prothrombin) 

tion site (v-int-2) 

Complement component inhibitor 1 

ture media, as measured by biological assay.22 

V. PTHrP GENE ORGANIZATION AND 
REGULATION 

The human PTHrP gene has been located on 
chromosome 12,29*33 whereas that for PTH is lo- 
cated on chromosome l l  .39 These two chromo- 
somes are considered to be related in evolution, 
and there are several examples of evolutionarily 
related proteins whose genes are located on chro- 
mosome 12, and chromosome 1 1  (Table 1). 

The genomic structure for the human PTHrP 
gene has been studied predominantly by three 
l a b o r a t o r i e ~ , ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~  and reveals a single-copy 
gene comprising nine exons (Figure 2). The 
PTHrP gene is thus far more complex than the 
PTH gene, which has only three exons. However, 
they share a common exonic region encoding the 
prepro sequence. The rat and mouse PTHrP gene 
structures have also been determined27*28 and are 
much simpler than the human gene, comprising 
four, or potentially five exons, equivalent to cod- 
ing exons, V, VI, and IX, and the untranslated 
exons 111 and IV of the human gene. The structure 
of the chicken gene has also been elucidateda 
and indicates, unlike the rat and mouse genes, 
that alternate splicing of the primary mRNA tran- 
script occurs at the 3’ end, specifying two dif- 
ferent protein species (Figure 2). The conserva- 

Locatlon 

q l3 -g  4 
p l  1.2- 
p12.1 

pl2.2- 
p12.1 

q22-q24.2 
p12.1 
q12-ql3 

q22-24.2 

PI2 

P I  3 

Chromosome 12 
Gene 

Glutathione S transferase 3-like 1 
Parathyroid hormone-related protein 

Lactate dehydrogenase B 

Phenylalanine hydroxylase 
Kirsten ras sarcoma 2 
Murine mammary tumor 

lnsulin-like growth factor 1 
virus integration site (v-int-1) 

Coagulation factor VII (von Willebrand 

Complement component 1 s 
factor) 

tion of exons equivalent to IV, V, VI, and IX of 
human PTHrP among the three other species of 
genes examined would imply that these constitute 
the minimum gene structure. Furthermore, the 
promoter region 5‘ to human exon IV appears to 
be the major promoter for PTHrP gene transcrip- 
tion, since this region is conserved among the 
human, mouse, rat, and chicken genes. In sup- 
port of this notion, our regulation studies have 
identified that agents that affect PTHrP gene tran- 
scription act primarily through this promoter 
sequence. 

Exon VI of PTHrP comprises the majority 
of the coding region for the mature protein, up 
to residue 139, where a splice donor site is lo- 
cated. Read-through of exon VI into exon VII 
results in the introduction of a termination signal 
producing a protein product of 139 amino acids 
in length, while participation of exons VII and 
IX, via alternate splicing, results in protein prod- 
ucts of 173 and 141 amino acids, respecti~ely~’.~~ 
(Figures 1 and 2). Thus, alternate 3’ splicing 
results in proteins with variable C termini, the 
biological significance of which is unknown at 
present. It has been suggested that 3 ’ untranslated 
sequences of some genes may play a role in de- 
velopment or in tissue-specific gene expression. 
The presence of the motif AUUUA, which has 
been implicated in the rapid turnover of many 
cy tok ine~ ,~~  and some protooncogene mRNA in 
each of the 3’ untranslated sequences (i.e., those 
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specified by exons VII, VIII, and IX), is in agree- 
ment with the short half-life of PTHrP mRNA, 
which we have determined to be less than 2 h, 
and may be indicative that PTHrP has a role in 
differentiation or is expressed in a tissue-specific 
manner, such as other mRNA species that contain 
this m ~ t i f . ~ * * ~ ~  

In addition to the variable 3’ exonic regions, 
multiple promoters contribute to the production 
of different mRNA species. We had obtained an 
indication of this in the course of cloning the 
PTHrP cDNA, in which we noted that one of the 
six clones that we isolated ( P B R F ~ ~ ) ~ ~  contained 
a divergent 5‘  untranslated region, suggesting the 
involvement of alternatively spliced mRNAs. 
Subsequent analysis of the 5’ region of the 
gene32.33 confirmed the presence of multiple pro- 
moter sites. 5’ to exons I and IV are canonical 
TATA consensus sequences, while 5’ to exon I11 
is a GC-rich region, containing a Sp-1 and two 
AP-2 binding sites; elements known to act as 
promoters in the absence of RNA &dependent 
polymerase, as has been reported for insulin-like 
growth factor 11 and platelet-derived growth fac- 
tor r e c e ~ t o r . ~ * ~ ~  This arrangement suggests that 
tissue-specific expression of the gene may occur 
as a function of the use of differing promoter 
regions. In agreement with this hypothesis, dif- 
ferential use of the 5’ exons has been reported 
between esophageal, renal, and squamous cell 
1ines.27.32.33 For example, the data so far indicate 
that renal cell lines utilize promoter sequences 5’ 
to exon I and exon IV, while squamous cell lines 
utilize a GC promoter region within exon 111, as 
well as the TATA sequences 5’ to exons I and 
IV. The extent of exon III is, at present, unde- 
fined. This exon has been determined to be 240 
nucleotides in length by RNase protection ex- 
periments using RNA from a renal carcinoma cell 
line.32 However, by S1 and primer extension 
analyses, this exon in esophageal cells is appar- 
ently 827 nucleotides, while in two squamous 
cell lines this exon is 113 nucleotides in length. 
This apparent difference in size may result either 
from the use of different transcription factors 
(e.g., AP-2, Spl,  or RNA II dependent poly- 
merase) in these cell lines or the extension of 
RNA present in the intronic sequences of unpro- 
cessed PTHrP transcripts. The existence and use 
of alternate promoters for the PTHrP gene points 

to complex regulation, such as has been described 
for the a-amylase gene,42 with high potential for 
tissue-specific expression. The multiple pro- 
moters and very long upstream region of the hu- 
man PTHrP gene is suggestive of novel mech- 
anisms of regulation of PTHrP gene expression. 
The longer 5’ untranslated regions generated by 
the use of exons, I, 11, and 111, contain a number 
of AUG sequences, each of which is followed 
by in-frame stop codons. None of these upstream 
AUGs is preceeded by the KozalP consensus for 
the initiation of transcription. The precise role of 
these AUGs or secondary loop structures in 
mRNA translation is unclear, but it is thought 
that they could exert some translational control 
over gene expression. Upstream AUGs have been 
shown to be involved in the control of translation 
in both yeast GCN447 and mouse bc12 genes.48 

The presence in the PTHrP gene of features 
characteristic of high-turnover cytokines and the 
short half-life of PTHrP mRNA provides the 
means for sensitive and complex regulation of 
PTHrP production. The PTHrP gene contains 
consensus regulatory motifs for cyclic AMP, 1,25- 
dihydroxy vitamin D, (1 ,Z(OH),D,), and glu- 
c o ~ o r t i c o i d s . ~ ~ - ~ ~  Dexamethasone and 
1,25(OH),D3 both decrease the expression of 
PTHrP mRNA in cancer  cell^,^^,^^ and transfec- 
tion experiments indicate that these agents de- 
crease gene transcription. In the BEN cells, in 
which calcitonin increases cyclic AMP produc- 
tion, calcitonin treatment led to increased PTHrP 
mRNA, probably by a transcriptional effect.s4 
Epidermal growth factor (EGF) increases PTHrP 
production by an osteosarcoma cell lineSS and 
PTHrP mRNA production in human keratino- 
~Yfes,’~ and transforming growth factor P (TGFP) 
also increases PTHrP mRNA and protein in both 
keratinocytes and squamous skin cancer cells.57 
The effect of TGFP also appears to be a tran- 
scriptional one, and this may be a particularly 
important finding, given the fact that TGFP and 
PTHrP appear to be coproduced in a number of 
tissues during d e ~ e l o p m e n t , ~ ~ . ~ ~  and also that 
TGFP is commonly produced by tumors. It is 
possible that TGFP is an important paracrine 
stimulator of PTHrP production. Investigation of 
potential regulation of PTHrP production by other 
tumor-derived cytokines will be important in de- 
fining the etiology of HHM. It is also possible 
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that such interactions may have physiological rel- 
evance with respect to tumor maintenance. 

Thus the detailed regulation of the PTHrP 
gene by these and other agents will be important 
to determine. Regulation by calcium ions will be 
of particular interest. PTH secretion by the para- 
thyroids is regulated by a reduction in serum cal- 
cium, which can stimulate PTH release in the 
short term and regulate transcription in the longer 
term.60-61 The production of PTHrP-like biolog- 
ical activity by a rat parathyroid cell line can be 
influenced by calcium,62 although very little 
change could be detected at the mRNA 
It has yet to be demonstrated whether calcium 
levels can influence PTHrP production by tu- 
mors. If, as will be discussed later, PTHrP is the 
important calcium-regulating hormone of the fe- 
tal parathyroid glands, it will be important to 
know whether, as is the case with PTH, calcium 
ion changes can influence PTHrP transcription. 

VI. STRUCTURE POTENCY STUDIES OF 
PTHrP 

As is the case with PTH itself, the PTH-like 
biological activity of PTHrP is contained within 
the first 34 amino acids. PTHrP (1-34) is at least 
equipotent with PTH in promoting cyclic AMP 
formation in osteoblasts, and in some assays it 
is more Furthermore, PTHrP (1-141), 
(1-108). (1-84), and PTHrP (1-34) are all equi- 
potent on a molar basis in promoting CAMP for- 
mation and plasminogen activator 
Truncation of the peptide to PTHrP (1-29) re- 
duces the activity to 10% of PTHrP( 1-34) and 
shorter peptides are essentially inactive.64 All of 
these structure-activity relationships observed 
with recombinant and synthetic peptides are also 
retained in studies of the effects on bone resorp- 
tion by isolated osteoclasts, mediated indirectly 
by actions of PTHrP through osteoblasts.& Thus 
the structure/activity relationships are very sim- 
ilar to those of PTH,67 and i t  has been shown that 
the nonhomologous regions of PTHrP( 1-34) (i.e., 
residues 15 to 24) contribute to receptor binding 
in much the same way as their PTH counter- 
p a r t ~ . ~ ~  Furthermore, PTHrP peptides with N- 
terminal deletions retain a greater ability to com- 
pete for PTH receptor binding than do their PTH 
 equivalent^.^^ 

The tertiary structure of PTHrP has been 
studied by Barden and K e m ~ , ~ ~  and reveals that 
the 1-34 end of the molecule has a surprisingly 
compact structure, with an alpha helix between 
residues 4 and 14 (Figure 3). There is a cluster 
of hydrophobic residues - Ile- 15, Leu- 1 8, Phe- 
22, Leu-24, Leu-27, Ile-28, and Ile-31. Residues 
30 to 34 and the N-terminal residues project out 
from the main body of the structure. Removal of 
residues 30 to 34 destabilizes the end of the helix, 
reducing binding to the PTH receptor. Removal 
of residues 26 to 29 destroys the second turn 
between residues 17 and 27, and may account 
for the loss of binding. Competition binding stud- 
ies show that PTH( 1-34) and PTHrP( 1-34) bind 
with the same relative potencies as those ob- 
served in other bioassays and that each ligand 
competes for the alternative ligand.7’ Cross-link- 
ing of either ligand to PTH-responsive cells re- 
sults in the identification of potential receptor 
components of identical mobility on polyacryl- 
amide ge1s.72*73 There is thus no longer any doubt 
that the PTH-like actions of PTHrP are mediated 
via the 1-34 sequence of PTHrP binding to the 
PTH receptor and that the amino-terminal “PTH- 
like” portion of PTHrP can essentially reproduce 
all the actions of PTH, as will be discussed in 
the following section. 

VII. PTH-LIKE ACTIONS OF PTHrP 

PTHrP can reproduce all the features of the 
syndrome of HHM by its actions via PTH re- 
ceptors on bone and kidney. Furthermore, anti- 
bodies raised against synthetic PTHrP (1 -34) can 
reduce the hypercalcemia and bone abnormalities 
associated with HHM in animal models of HHM 
derived by the transplantation of human and an- 
imal tumors into nude mice.74 

PTHrP peptides are active in promoting bone 
resorption in vitro64*7s.76 and in v ~ v o , ~ ~ - ’ ~  and like 
PTH itself, they do so by acting first on cells of 
the osteoblast lineage, with subsequent activation 
of osteoblasts.M As with PTH, cyclic AMP ap- 
pears to be major mediator of the actions of PTHrP 
on its target cells, and effects of PTHrP on in- 
tracellular calciumso alkaline phosphatase and 
plasminogen activator have also been shown.81 

The actions of PTHrP on the kidney have 
been studied in the isolated perfused rat kid- 
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ney,82J"' in the rat in vivo,77-79*M*84 and in the ovine 
fetus in ufero.86 All these studies show clearly 
that both PTHrP and PTH promote cyclic AMP 
and phosphorus excretion and reduce calcium ex- 
cretion. The study by Ellis et al. ,7 in the perfused 
rat kidney, showed that prolonged infusion with 
PTHrP ( 1 - 14 1) resulted in reduced bicarbonate 
excretion, a response that differed from that with 
PTH or with PTHrP (1-34). It is possible that 
this observation might explain the mild alkalosis 
that often accompanies the HHM syndrome, 
whereas primary hyperparathyroidism is often as- 
sociated with mild hyperchloremic acidosis. 

As is the case with PTH, FTHrP promotes 
1 -a-hydroxylation of vitamin D,75.76 although 
there are some clinical observations of low plasma 
levels of 1,25(OH),D, in HHM patients that are 
discrepant with t h i ~ , ~ ~ . ~ ~  and for which there is 

384 

no obvious explanation at present. 
Other actions of PTHrP that reflect those of 

PTH include the ability to relax vascular and 
other smooth m u ~ c l e . ~ ~ - ~ l  This response is one 
that will be most interesting to investigate further, 
because it may reflect more a physiological func- 
tion of PTHrP, rather than of PTH, and is con- 
sistent with PTHrP production and local action 
on smooth muscles at various 

VIII. UNIQUE ACTIONS OF PTHrP 

In addition to the PTH-like actions of PTHrP, 
there is increasing evidence for other biological 
activities within the PTHrP molecule, not shared 
with PTH, and giving rise to the concept that 
PTHrP is a polypeptide precursor of a number of 
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placental calcium transport 

flGURE 4. Organization of prepro-PTHrP indicating the location of the different biological actions. 

biological activities, analogous with proopio- 
melanocortin (Figure 4). The first of these “non- 
PTH” effects is the action of PTHrP to promote 
calcium transport across the placenta. 

Both placenta and fetal parathyroids contain 
PTHrP-like material that has been identified both 
immunohistochemically and by bioassay .93*94 Ex- 
tracts from both of these tissues, as well as pur- 
ified and recombinant PTHrP, can stimulate cal- 
cium transport across the placenta in 
providing the calcium required for skeletal de- 
velopment and maintaining the fetus hypercal- 
cemic relative to the mother.95 It seems likely 
that the placenta is the early source of PTHrP, 
since it is present in larger amounts in placenta 
from early gestation and since later the fetal para- 
thyroids take over as the major source of PTHrP. 
The mechanisms involved remain to be elucidated. 

Parathyroidectomy of the fetus abolishes the 
calcium gradient between mother and fetus, but 
neither PTH nor 1,25(OH)2D, (or other vitamin 
D metabolites) has any effect on placental cal- 
cium transport, implying that the effects are me- 
diated by regions of PTHrP that are not homol- 
ogous with PTH and that a unique receptor is 
involved.9s Recent evidence of Care et al.% sug- 
gest that the placental calcium transport activity 
lies within the 1-84 sequence distal to the first 
34 amino acids. The placental model is poten- 
tially important and may provide the means to 

study the unique actions of PTHrP on calcium 
transport, separate from the actions that mimic 
those of PTH. The fetal parathyroid production 
of PTHrP has been established by carrying out 
PTHrP assays on extracts of fetal parathyroids of 
several  specie^,^' by immunohistochemistry on 
fetal lamb and human parathyroid tissue, and by 
Western blotting of extracts. 98 

The third biological activity within the PTHrP 
molecule that is potentially very important is a 
surprising one. The carboxy-terminal region of 
PTHrP (107-139) is an extremely potent inhibitor 
of bone resorption, an observation made first in 
experiments in which this peptide and analogues 
acted directly on isolated osteoclasts to inhibit 
their activity.w It is possible that carboxy-ter- 
mind F‘THrP acts as a paracrine regulator of bone 
resorption. Evidence has been obtained for the 
production by resorbing fetal bones of PTH-like 
activity, which appears to be amino-terminal 
PTHrP, loo and furthermore, immunohistological 
evidence for PTHrP production in fetal bones has 
been obtained.92 The finding that carboxy-ter- 
minal PTHrP exists free in the circulation in some 
patients with cancer101*102 also raises the possi- 
bility that it might, in some circumstances, have 
a humoral role. The receptor and mode of action 
of the C-terminal fragment remains to be 
elucidated. 

Figure 4 illustrates the organization of FTHrP, 
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summarizing the location of these several bio- 
logical activities. There are many potential pro- 
cessing sites within PTHrP, and it will be im- 
portant to determine the specific mechanisms and 
sites of postsynthetic processing that can give rise 
to these constituent activities. 

IX. PTHrP IN CANCER 

Localization studies of PTHrP using immu- 
nohistochemistry and Northern blotting in tumors 
from patients with a variety of cancers have in- 
dicated that PTHrP may be more commonly in- 
volved in the cause of hypercalcemia associated 
with malignancy than has been previously ap- 
preciated. The more recent development of useful 
radioimmunoassays has also confirmed the pres- 
ence of PTHrP in the circulation of patients with 
HHh4. 

linmunohistochemical analyses of tumor sec- 
tions using specific antibodies predominantly 
raised to PTHrP 1-34, but also to unique mid 50- 
69 and C-terminallO6-141 epitopes, have shown 
that PTHrP is present in the cells of all squamous 
cell carcinomata investigated, ".'03 indicating the 
potential of these tumors to produce HHM, even 
though in many cases secretion of PTHrP into 
the circulation might be insignificant and patients 
remain normocalcemic. Positive staining has also 
been demonstrated in other tumors associated with 
HHM, particularly renal carcinomata, and the 
presence of PTHrP mRNA has been demon- 
strated in these two tumor types most commonly 
associated with HHM .36*102-107 The involvement 
of a humoral factor in the etiology of hypercal- 
cemia associated with breast cancer has been in- 
dicated previously in studies by Percival'O* and 
is ale^,^ but the traditional view has been that the 
hypercalcemia in breast cancer patients results 
predominantly from the action of metastases in 
bone. The immunohistochemical localization of 
PTHrP in 60% of unselected breast cancerslOg has 
indicated a need to investigate PTHrP levels in 
breast cancer patients and the hypothesis that 
PTHrP may have a role in the establishment of 
metastases in bone. Studies in our laboratory have 
indicated that circulating levels of PTHrP are 
raised in 60% of patients with breast cancer and 
hypercalcemia. l L 0  

Another cancer frequently associated with 
hypercalcemia is the group of lymphoid tumors, 
including those from HTLV- 1 -infected patients. 
It had long been thought that in these cases hy- 
percalcemia resulted from the action of bone- 
resorbing cytokines released by circulating can- 
cer cells,"' however, many patients with HTLV- 
1 hypercalcemia exhibit the clinical and bio- 
chemical features associated with the HHM syn- 
drome. Evidence has now been obtained for the 
presence of PTHrP immunoreactivity in 40% of 
a small group of patients with HTLV-1-positive 
tumors,"Z and PTHrP mRNA has been identified 
in HTLV-1-infected lymphoid  cell^.^.^'^ In a re- 
cent study of 13 ATL patients, all showed expres- 
sion of the PTHrP gene.' The implication of a 
tax gene product that is the HTLV-1 transacti- 
vating factor in PTHrP production in these cells 
has also been r ep~r t ed ,~  and it was found that the 
tar gene product caused transactivation of the 
PTHrP gene promoter linked to the CAT reporter 
gene in transfection assays. 

It is of particular interest to note the high rate 
of detection of PTHrP and PTHrP mRNA in para- 
thyroid adenomata and secondary hyperplastic 
glands, but not in primary hype rp la~ ia . ' ~ . ' ~~  We 
have identified PTHrP in fetal parathyroids in 
sheep and human embryos, originally in the sheep 
by identification of PTH-like bioactivity that was 
not PTH, and more recently by immuno- 
histology.94 

The presence of PTHrP in parathyroid ad- 
enomata may represent the reexpression of the 
evolutionary and fetal origins of PTHrP. The 
mechanisms involved in the expression of PTHrP 
in chronic renal failure are not clear, but it is 
presumed that low serum calcium is the stimulus 
for the hyperplasia, the implication being that 
PTHrP may normally be present in parathyroids 
at very low levels and may be subject to the same 
feedback mechanisms as PTH. Immunoreactive 
PTHrP levels measured using N- and C-terminal 
(109- 138) radioimmunoassays were not raised in 
patients with primary hyperparathyroid- 
ism,'o'~110~'14~115 except in one study that is very 
difficult to interpret because of the low sensitivity 
and apparently high normal values it reports.116 
However Burtis et a]. ,lo' reported the presence 
of elevated PTHrP (109- 138) but not (1 -74) levels 
in patients with chronic renal failure. This finding 

386 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



was interpreted to be due to the inability of the 
kidney to clear the C-terminal peptides, which 
are likely to result from normal proteolytic cleav- 
age. By inference PTHrP may circulate in normal 
subjects, although it is not detectable with current 
assays. 

X. PTHrP IN NORMAL PHYSIOLOGY 

At the present time there is no indication of 
a role for PTHrP as a circulating hormone in 
normal mammals or humans after birth. From the 
preliminary radioimmunoassay data available at 
the time of writing, it is clear that circulating 
levels in normal humans are very low. No assay 
can convincingly and repeatedly assay PTHrP in 
normal subjects, with detection limits in assays 
of the order of 0.2 to 2 pM.101*110*116 PTHrP levels 
are readily detected with these assays in 80 to 
100% of patients with the HHM syndrome. 

On the other hand, there are increasing sug- 
gestions that PTHrP may have a role in the fetus 
and in early development. Recently, maternal milk 
has also been shown to contain very high con- 
centrations of PTHrP, of the order of 100 ng/ 
m1.”’ High levels have been detected in milk 
from a variety of mammalian species, including 
the marsupial, which is born with a very im- 
mature uncalcified skeleton. It is not yet known 
if maternal milk PTHrP is important for the neo- 
nate, but it is of interest to note that suckling and 
prolactin induce PTHrP mRNA in mammary tis- 
sue. 1 1 8 ~ 1 1 9  Recent evidence also indicates meas- 
urable levels of PTHrP in the circulation of lac- 
tating mothers at a time when large amounts of 
PTHrP are found in milk.lZ0 At this time it is not 
clear whether circulating PTHrP in lactating 
women simply represents spillover from the large 
amounts produced by the breast or if PTHrP may 
also serve some endocrine role in the mother, for 
example, in the mobilization of calcium from the 
maternal skeleton. It is possible that milk PTHrP 
can contribute, for example, to intestinal cell dif- 
ferentiation or alternatively, and more likely, to 
the transport of calcium into milk, consistent with 
the correlation between milk PTHrP and calcium 
levels noted in cows.1z1 

We have discussed earlier the data suggesting 
that PTHrP is a hormone of the fetal parathyroid 

gland, to be replaced around the time of partu- 
rition by PTH. The existence of a fetal factor 
with properties resembling PTH has long been 
suspected. If PTHrP is the predominant secretory 
product of the parathyroid gland of the mam- 
malian fetus, its physiological role is similar to 
that of PTH itself, i.e., to raise the extracellular 
fluid calcium by whatever means are available to 
it. In the case of the postnatal animal, that is by 
promoting bone resorption, calcium retention by 
the kidney, and by indirectly promoting calcium 
absorption. In the fetus, the means available is 
the active placental calcium pump, transporting 
calcium from mother to fetus and restricting cal- 
cium excretion into amniotic fluid. 

Using fetal sheep as a model, we have ob- 
tained evidence for the placental calcium trans- 
port effect of PTHrP93.96 and have identified this 
as an action of some part of the PTHrP molecule 
that is not “PTH-like”. More recently, also in 
studies in the fetal lamb we have demonstrated 
that both PTH and PTHrP cause a rapid reduction 
of calcium excretion by the fetal kidney.86 The 
calcium-conserving effect of PTHrP by such a 
renal action seems, therefore, to be one that is 
found within the “PTH-like” portion of the 
molecule. 

From the evolutionary point of view, such 
an adaptation to achieve a physiological purpose 
might indicate that PTH is the latecomer in ev- 
olution and that we might expect to find the PTH- 
related gene expressed in lower species, produc- 
ing a protein that will contribute to maintenance 
of the extracellular fluid calcium in those species 
by the means available to them. In postnatal life 
in mammals, on the other hand, PTHrP may have 
no significant function as a circulating hormone, 
except in certain diseases, notably the cancers 
associated with HHM and perhaps also parathy- 
roid diseases. The molecule responsible for hor- 
monal regulation of calcium homeostasis in the 
postnatal mammals is PTH, having evolved to 
carry out a set of functions through a single class 
of receptors. It should be expected that a second 
receptor will be found for PTHrP. 

PTHrP has been detected in normal animals 
in fetal epithelia, developing fetal bone undergo- 
ing osteogenesis, fetal parathyroids, placenta, 
lactating mammary tissue, skeletal and smooth 
muscle, normal stomach, brain, pancreas, heart, 
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lung, spleen, kidneys, testis, ovary, uterus, and 
normal ~ k i n . 2 * . ~ ~ . ' ~ . ~ ~ ~ . ' ~ ~ ~ ' ~  In the nonpregnant 
adult, there is no location yet identified that could 
constitute a major source of circulating PTHrP, 
consistent with the view that PTHrP has a pre- 
dominantly local role in normal physiology in the 
adult. 

We have already mentioned evidence for po- 
tential local role of PTHrP in smooth-muscle re- 
laxation. The presence of FTHrP in smooth mus- 
cle and skeletal muscle in the fetus may also 
imply local effects involving calcium metabo- 
lism. It is particularly interesting, in this respect, 
that a recent study reports increased levels of 
FTHrP mRNA in rat uterine smooth muscle just 
prior to parturition,'" and the same authors have 
also shown a correlation between PTHrP mRNA 
in the vascular bed of the shell gland that cor- 
relates with the movement of eggs down the ovi- 
duct in birds.w PTHrP mRNA has been identified 
by in situ hybridization in mammalian central 
nervous system, and brain extracts have been 
shown to stimulate adenylate cyclase in para- 
thyroid-hormone-responsive cells. 122 While its 
expression in normal brain may be the basis of 
its expression in neuroendocrine tumors, there is 
as yet no evidence for a functional role for PTHrP 
in the brain. An effect of P"H on calcium trans- 
port independent of CAMP in rat brain synapto- 
somes has been reported,'2s however, and PTH 
mRNA has recently been detected in the brain, 
although its distribution appears not to be as 
widespread as that for PTHrP. 126 

Consistent with the presence of PTHrP squa- 
mous cell cancers is its presence in normal adult 
skin, which has been demonstrated both 
immunohistochemically ' 1.103~105 and by mRNA 
hybridi~ation.~~ The possibility that PTHrP is 
predominantly an epithelial cell product is sup- 
ported by the demonstration of PTHrP in epithelia 
from many locations in the human fetus. It is 
possible that PTHrP may have an important role 
in epithelial differentiation, a property that would 
be relevant when expressed in cancers and that 
also has relevance to the constant renewal pro- 
cesses in normal skin. The fact that PTHrP is 
located in the keratinocyte layer of normal skin 
is certainly of interest, but it may be that only 
extremely small amounts reach the circulation 
from that source, where it may function as a 

locally active cytokine. The primary physiolog- 
ical role for PTHrP as a paracrine effector may 
be the local regulation of calcium transport, which 
itself may be important in epithelial differentia- 

and this hypothesis is supported by the 
finding that PTHrP is present in nonlactating hy- 
pertrophic breast tissue and released into the cir- 
c ~ l a t i o n . ' ~ ~  No potential major source of PTHrP 
that might contribute to significant circulating 
levels in the adult has yet been identified, and 
the physiological significance of the PTHrP and 
its mRNA detected in a variety of normal tissues 
remains to be elucidated. 

XI. IMMUNOLOGY OF PTHrP 

The existence of this protein helps to explain 
the HHM syndrome in cancers and opens up areas 
for study on the physiological functions of WHrP. 
The structural similarity to PTH within the amino- 
terminal region is sufficient to explain the PTH- 
like effects of PTHrP. Despite this similarity in 
primary sequence, antibodies against PTH or 
PTHrP are usually very selective, and antibodies 
can readily be obtained, which, for example, rec- 
ognize PTHrP readily and PTH not at all. Use 
of this is being made in radioimmunoassays being 
carried out in clinical studies'wJ'o in our im- 
munohistology studies and in the use of anti- 
PTHrP antibodies in the treatment of the HHM 
syndrome. 

When the immunogenicity of the PTHrP and 
of human PTH (1-34) are predicted based on the 
assumptions of Welling et al. the difference 
between the two is noted, particularly in the area 
of greatest sequence homology. I '  The first 10 
amino acids of PTH are notoriously poorly im- 
munoreactive, in contrast to the N-terminal se- 
quence of PTHrP, which is highly antigenic. We 
have used antisera against PTHrP amino-terminal 
fragments in immunohistochemical studies of tu- 
mors, in which cross-reaction with human PTH 
remains insignificant, even under high concen- 
tration conditions. 103*104 Antisera were chosen for 
use in immunohistachemistry on the basis of their 
specificity in radioimmunoassay , their ability to 
neutralize PTHrP biological activity without ef- 
fect on PTH, and their low background in im- 
munoperoxidase studies. Thus, the immunolog- 
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ical difference between these two molecules is 
substantial, despite the structural, and indeed 
functional, similarities. Care must be taken in 
relying on this, however, and lack of cross-reac- 
tivity under radioimmunoassay conditions does 
not exclude significant cross-reaction at the high 
antibody concentrations used in immunohisto- 
chemistry. Before the discovery of PTHrP and 
recognition of its similarity to PTH, there was a 
long literature on the detection of “PTH” by 
immunohistochemistry in tumors. Palmieri et 
al. 13’ used an immunofluorescence method with 
a guinea-pig antiserum against partially PTH to 
show fluorescence in the cytoplasm in six of seven 
cancers from patients with HHM. Similarly, im- 
munoreactivity ascribed to PTH was detected in 
a rhabdoid Wilms using an uncharac- 
tenzed anti-PTH antiserum, and in squamous cell 
cancers from four patients with HHM,”3 em- 
ploying an antiserum against Fl”H (1-84). In all 
these cases the findings can be explained by sig- 
nificant cross-reaction of the anti-PTH against 
PTHrP under the conditions used. It seems likely 
on the basis of present evidence that PTHrP pro- 
duction may be an almost invariable finding in 
squamous cell cancers. The ectopic production 
of PTH probably occurs very rarely, and there 
have been only two very carefully documented 
cases of PTH synthesized by human cancers re- 
ported within the last few  year^.'^^.'^^ 

Another major use of antisera against PTHrP 
is in the therapy of malignancy-associated hy- 
percalcemia. We studied the effect of anti-PTHrP 

(1-16) antiserum on serum calcium and CAMP 
excretion in two animal modes of humoral hy- 
percalcemia of malignancy. These consisted of 
two tumors from patients with the HHM syn- 
drome, one a squamous cell carcinoma of the 
lung, the other of the larynx, and maintained as 
transplanted tumors in athymic mice.136 In each 
case, the mice bearing the tumors develop hy- 
percalcemia, hypophosphatemia, and elevated 
urinary CAMP. With each antiserum and in both 
tumor modes, intravenous injection of antiserum 
resulted in significant lowering of serum calcium 
and urinary CAMP in the tumor-bearing mice. 
The effects were first seen 3 h after injection and 
lasted for at least 48 h.73 The fact that serum 
calcium levels did not return completely to nor- 

(1-34) antiserum and affinity-purified anti-FTHrP 

mal in all animals suggests either that more an- 
tibody was necessary or that other factors (e.g., 
cytokines, TGFa, and TGFP) might contribute 
to the development of hypercalcemia.137 The 24- 
to 48-h duration of the hypocalcemic effect is 
consistent with the half-life of IgG in the mouse. 
Using the same experimental model, antibody 
treatment was shown to be as effective as tumor 
resection in correcting the bone abnormalities oc- 
curring in these tumor-bearing animals. The data 
suggest that PTHrP secreted by the tumors is at 
least responsible, to a major extent, for the hy- 
percalcemia. It also raises the interesting possi- 
bility that monoclonal antibodies against PTHrP 
could be applied to the emergency treatment of 
hypercalcemia in the HHM syndrome. 

XII. CONCLUDING COMMENTS 

The PTHrP molecule is parent to three dem- 
onstrated bioactivities involved in calcium reg- 
ulation, of which the PTH-like action is the most 
characterized. In addition to the endocrine effects 
of PTHrP, a growing body of largely indirect 
evidence suggests a local role for PTHrP in ep- 
ithelial growth and/or differentiation, which may 
also relate to local calcium regulation. Although 
the placental transport and osteoclast inhibitory 
actions can be clearly demonstrated with syn- 
thetic and recombinant FTHrP preparations, there 
is still much to understand about the significance 
of the non-PTH-like actions of PTHrP in normal 
physiology and the molecular synthetic and pro- 
cessing events that may generate them as either 
endocrine or autocrine/paracrine regulators. 
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