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ABSTRACT 

The role played by a parathyroid hormone -like peptide (PLP) in the 

pathogenesis of hypercalcemia associated with malignancy has been 

examined. Elevated circulating levels of PLP were found more frequently in 

hypercalcemic cancer patients. A reduction of tumor burden in two of these 

patients resulted in concomitant decreases in both plasma calcium and 

plasma PLP. Immunoneutralization of endogenous PLP in a rat model of 

malignancy associated hypercalcemia resuited in a rapid and sustained 

reversal of the biochemicai abnormalities manifest in the disease state. 

These studies. therefore. provided strong evidence for a role for PLP in 

the pathogenesis of hypercalcemia associated with neoplasia. The frequent 

association of squamous cell carcinoma with hypercalcemia and elevated 

circulating PLP leveis prompte~ examination of a keratinocyte model of 

tumor progression for evidence of dysregulated PLP expression. Increased 

constitutive production of PLP. accompanied by resistance to previously 

identified regulatory agents. was demonstrated in the progression to the 

malignant phenotype. Finally. a potential autocrine or paracrine role for 

PLP in keratinocyte cell growth was suggested by the demonstration of 

functional adenylate cyclase-linked PLP receptors on an established 

keratinocyte cell line. These studies have therefore provided i.mportant 

insights into the role played by PLP as both an endocrine factor involved 

in the pa thogenesis of malignancy associated hypercalcemia and as a 

potential autocrine/paracrine factor in keratinocyte homeostasis. 
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1 
RESUME 

Le rôle joué par le "parathyroid hormone-like peptide" (PLP) dans ln 

pathogénèse de 1 'hypercalcpmie lieé au cancer a été examine. Des 

concentrations élevées dE' PLP sont présentes plus fréquemment chez 1('5 

patients hypercalcémiques atteints de cancer. La réduction de la masse 

tumorale chez deux de ces patients a entraîné une diminution parallèle de> 

la calcémie et du PLP circulant. La neutralisation du PLP endogènE' par 

immunisation pass ive dans un modèle d' hypercalcémie assC'ciee au cancer 

chez le rat a amené une normalisation rapide des anomalies biochimique',. 

Ces études supportent fortement un rôle endocrinien du PLP dans la 

pathogénèse de l' hypercalcémie assod ée au cancer. L' associat ion frtiquent.e 

des cancers épitI-:éliaux avec l'hypercalcémie et l'augmf'ntation d(~s tallx 

circulants de PLP nous a amenés à étudier la régulation de l'expression du 

PLP dans un modèle de progression tumorale impl i quant le keratinocytc. Une' 

augmentation intrinsèque de la produc tion de PLP accompagnée d'une' 

résistance aux agents régulateurs dejà identifiés a été démontrée e'l cours 

de progression vers un phénotype mal in. Enfin, la démonstration de la 

présence de récepteurs fonctionnels pour le PLP sur une lignée étahli e dl' 

kératinocyte suggère lm rôle potentiel autocrine du PLP dans la régulation 

de la croissance de ces cellules. Ces études ont donc contribué h 

renforcer le rôle endocrinien du PLP dans la pathogénèse de 

l'hypercalcémie liée au cancer et à suggérer un rôle autocrine/paracrine 

potentiel dans l' homéostase du kératinocyte. 
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PREFACE 

The Guidelines Concernir'5 Thesis Preparation issued by the Facul ty 

of Graduate Studies and Research at McGill university reads as follows: 

"The candidate has the option, subject to the approval of their 
Department, of including as part of the thesis the text, or 
duplicated published text, of an original paper or papers. 
Manuscript-style theses must still conform to all other requirements 
explained in the Guidelines Concerning Thesis Preparation. 
Additional material (procedural and design data as well as 
descriptions of eq'lipment) must be provided in ,c;ufficient detail 
(eg. in appendices) to allow clear and precise judgement to be made 
of the importance and originality of the research reported. The 
thesis sh:>uld be more than just a collection of manuscripts 
published or to be published. It must include a general abstract, a 
full introduction and literature review and a final overall 
conclusion Connecting texts which provide logical bridges between 
different manuscripts are usually desirable in the interest of 
cohesion. 

It is acceptable for theses to include. as chapters. authentic 
copies of papers already published, provided these are duplicated 
clearly and bound as an Integral part of the thesis. In such 
instances, connecting texts are mandatory and supplementary 
explanatory material is always necessary. Photographs or other 
materials which do not duplicate we 11 must be included in their 
original form. 

While the inclusion ')f manusc .. ipts co-authored by the candidate and 
others is acceptable, the candidate 1s required to make an explicit 
statement in the thesis of who contributed to such work and to what 
extent and supervisors must attest to the accuracy of the claims at 
the PhD. Oral Defense. Since the task of the examiners is made more 
difficult in these cases, it is in the candidate' s interest to make 
the responsibilities of authors perfectly clear. Il 

l have chosen to write my thesis according to the above quoted 

option with two papers published and two papers In Press. The thesis 1s 

organised in seven chapters. Chapter l 1s a general introduction and 

literature review. Chapters II-V contain the four manuscripts, each with 

its own abstract, introduction, methods, results, discussion and 

references. Chapter VI is a general discussion of aIl four manascripts and 

Chapter VII contains the claims to original research. 
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1 
CHAPTER l GENERAL INTRODUCTION 

Preface 

The hypothesis that a malignant tumor could secrete a systemically 

active factor resulting in hypercalcemia was formulated by Fuller 

Albright in 1941 (1). A patient presenting with hyperca1cemia and 

hypophosphatemia, the biochemica1 hallmarks of hyperparathyroidism 

(HPT) at that time, was shown to have no parathyroid dysfunction. 

However, blood calcium and phosphorous levels normalizen temporarily 

following irradiation of a rena1 carcinoma metastati~ to bone. When 

gradually the calcium rose and phosphate fell as the tumor resumed 

it's growth Dr. Albright reasoned that since hyperphosphatemia had 

not accompanied hypercalcemia, despite evidence of osteo1ysis, 

perhaps a phosphaturie agent might be produced by the tumor. 

Albright therefore had it assayed for parathyroid hormune (PTH). 

Although no hormone was detected, an important and insightful 

observation had been made: namely that the hypercalcemia associ~ted 

with malignancy could have a humoral basis rather th an resu1ting 

from local osteolysis by tumor cells and that the humoral factor 

mi ght be PTH-like. This observation was subsequently corroborated by 

others and the terms pseudohyperparathyroidism, later also known as 

the humoral hypercalcemia of malignancy (HHM) , were coincd ta 

describe the syndrome. In 1987 a parathyroid hormone-like peptide 

(PLP) was finally isolated from tumors associated wi th HHM and showr. 

ta share significant amino-terminal sequence homology with PTH 

accounting for its affinity for the PTH receptor. 

l 
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1 
2.Calcium Homeostasis: overview. Under normal circumstances calcium 

homeostasis is maintained by the direct action of PTH on it' s tat."get 

tissues of bone and kidney and by its indirect actions in the gut (2) (Fig 

1). The parathyroid gland responds to an acute decrease in ambient calcium 

with an increased secretion of bioactive hormone. In bone PTH acts to 

increase the efflux of calcium from an exchangeable pool presumably via 

the osteocyte/lining cell complex and increases the turnover of the non­

exchangeable pool by stimulating osteoclastic resorption (3). In the 

kidney sodium, phosphate and bicarbonate reabsorption are inhibited by PTH 

in the proximal tubule while that of calcium is stimulated in the distal 

tubule via cyclic Adenosine monophosphate (cAMP) mediated mechanisms. 

Activity of the 25 hydroxyvitamin D, l alpha hydroxylase enzyme in the 

proximal tubule is stimulated directly by PTH and also by the PTH-induced 

decrease in phosphate concentration resulting in increased 1,25 

dihydroxyvitamin D3 (1,25(OH)2D3) production. This active metabolite of 

vitamin D then increases calcium absorption in the gut and works 

synergistically with PTH in bone to activate existing cells and to 

stimulate the replication of osteolytic and osteotropic precursor cells. 

The rise in blood calcium resulting from these increases in gut 

absorption, renal reabsorption and calcium release from bone 1 as \>le11 as 

the increased circulating l, 25 (OH)2D3 level, eliminate the 5 ignal for 

further increases in synthesis and secretion of PTH. 

3.Hyperparathyroidism vs hypercalcemia of malignancy. Excessive amounts 

of circulating PTH, in casea of parathyrold adenoma or hyperplasia [or 

instance, result in hyp~rcalcemia, hypophosphatemia, renal phosphate 
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Figure 1 

Calcium Homeostasis 
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Calcium I1omeostasis: A decrease in extracellular fluid 
calclurn (ECF Ca+-!) results in an incredse in parathyroid 
hormone (PTH) secretlon. PTH then acts in its target tissues 
oE kidney. gut and bone to increase calcium reabsorfotion, 
<lbsorption and resorption respectively. The subsequent rlse ln 
ECF Cali- elillllndtes the stimulus for lncreased PTH productlon 
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wasting associated with increased nephrogenous cAMP, elevaterl circulating 

l, 25 (OH)2D3 and an increase in bone turnover. Although many of thesf' 

characteristies are shared with the hypercaleemia of malignancy syndrollll' 

there are a number of important di fferences (4,5). Wherpas PTH and 

1,25(OH)2D3 levels are increased in HPT they are decrE'ased in HHM. 

Osteoblastic activity is increased along with osteoclastic activity in HPT 

whereas osteoblastic activity is decreased in HHM resulting in an 

uncoupling of bane turnover and net bone loss. ln addition, 

hyperparathyroid disease is associated with metabolic acidosis whC'reas 

patients with malignancy associated hypercalcemia often exhibi t a mi Id 

hypokalemic alkalosis. Taken together these charactE'ristics suggest 

biologically related yet immunologically distinct medj ators of the two 

syndromes. 

4. Putative Mediators of malignancy associated hypercalcemia. As increased 

bone resorption stimulated by a systemically active agent wns considerE'd 

to be the primary cause of elevated blood calcium levels mu ch attention 

focused on agents capable of stimulating bone resorption, both IN VIVO and 

IN VITRO. 

4.1 Parathyroid hormone. Because of its striking similarity to 

hyperparathyroid disease there were many early attempts to identiiy 

ectopie PTH as the pathogenetic agent in malignancy assoeiated 

hYP"'realcemia (6-9). Although immunoassayable PTH was detected in both 

tumor tissue and in the peripheral circulation of patients hav ing 

ma1ignancy and hyp,ercalcemia the 1evels appeared to be inappropriately low 
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for the degree of hyperca1cemia and for the values of cAMP achieved. Later 

attempts to identify PTH messenger ribonucleic acid (mRNA) in tumors 

associated with HHM were unsuccessfu1 suggesting that the immunoassayab1e 

material demonstrated earlier was most likely an artifact (10). Only two 

au::hentic cases of ectopie PTH production associated with tumoral 

elaboration of PTH rnRNA have been reported (11,12) and remain isolated 

examp1es amongst the vast majority demonstrating PTH·like bioactivity 

wi thout ?TH production 

4.2 Prostaglandins. Several clinical studies (13,14) have demonstrated 

modest increases in circulating concentrations of metabolites of 

prostaglandins ( PGs ) of the E series in sorne patients wi th malignancy 

associated hyperca1cemia yet inhibitc-rs of PG synthesis have been large1y 

ineffective in the treatment of the disease (15). Turnor cells were shown 

to secre te high levels of PGE into cul ture medium IN VITRO but the rapid 

and efficient degradation of eicosanoids IN VIVO make it unlikely that the 

levels required for effective bone resorption would ever be ~ttained in 

the c!ir,~ulation Attempts to induce hyperca1cemia by infusion of PGE2 into 

rats were successfu1 only with pharmacological doses 1ending support to 

this observation (16). The necessity to proceed with caution when 

extrapolating IN VITRO data to explain IN VIVO findings was well 

demonstrated in the case of the PGEZ producing VX2 carcinoma (17). Rabbits 

bearing this tumor become severely hypercalcemic 3-4 weeks following tumor 

transplantation. E1evated PGEZ leveis were demonstrated in venous effluent 

from the turnor as wcll as in the systemic circulation. When tumor cells in 

cultuce were shown to produce bone resorbing activity and PGE2 , both 
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inhibitable with indomethacin, it was suggested that the hypercalcemia in 

this model resulted from PGEz stimulated bone resorption. Following a 

report that PGE2 stimulated 25 hydroxyvitamin D, l alpha hydroxy1ase 

activity in chick kidney cells (18) the VX2 model was re-examined (19). 

Hypercalcemia in tumor-bearing rabbits was shown to be reversible when the 

animals were maintained on a calcium-free diet. Taken together with data 

showing that an inhibitor of bone resorption had no significant effect on 

plasma calcium these findings suggested a gut-mediated, l,25(OH)2Dl 

dependent hypercalcemia. 

4.3 Transforming G-rowth Fac tors. In the 1980' s the foeus shifted from 

prostaglandins to transforming growth factors (TGF) as mediators of 

osteolysis. Although not found in the circulation under normal 

circumstances, many solid tumors eommonly assoeiated with HHM produce 

TGFa, a 50 amino aeid peptide whieh mediates its biologie effects through 

the epiderma1 growth factor (EGF) receptor (20). Both EGF and TGFa have 

been shown to stimulate bone resorption in orr,an culture, the re1ease of 

previously incorporated 45Ca being used as an index of activity. In 

neonatal mouse calvaria TGFa enhaneed bone resorption indirec t1y via a PGE2 

mediated mechanism (21) . On the other hand, 4"Ca release stimulated by TGFa 

in cultures of fetal rat long bones was indomethacin insensitive 

suggesting multiple mechanisms by which this peptide influenced bone 

resorption. Additional data supporting a role for TGFa in osteolysis came 

from experiments in which addition of antiserum to the EGF receptor 

inhibited the resorptive activity of conditioned medium harvested from 

tumor cel1s known to cause hypercalcemia and bone resorption IN VIVO (22). 
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However, co-purification of TGFg-like and PTH-like bioactivity from these 

same tumor calls suggested a multifactorial mechanism underlying the 

hypercalcemia associated with this tumor (23). Unlike TGFa, TGF& i5 found 

in large quantities in bone in an inactive, protein-bound complex. When 

dis50ciated from its binding protein the activated peptide is capable of 

inducing osteolysis although its major role appears to be osteotropic 

rather than osteolytic (24). 

4.4 Cytokines. Interleukin-I (1L-l) , lymphotoxin and tumor necrosis 

factor (TNF) were collectively known as osteoclast activating factor (OAF) 

when first isolated from the conditioned medium of mitogen stimulated 

peripheral blood leukocytes (25). Subsequent IN VITRO studies demonstrated 

a complicated interdependence of these factors on one another as weIl as 

a dependence on osteoblasts as mediators of their effects )n osteoclasts 

(26). Chinese hamster ovary cells transfected with the human TNF gene 

generated TNF producing tumors when transplanted in nude mice (27). 

Peripheral TNF levels were 100 fold higher in mi ce with tumors containing 

the TNF gene compared with those wi th only vector. Blood calcium levels on 

the other hand were on1.y modestly increased at 2.96mM compared with 2.51mM 

in contrQ ls suggesting a relatively minor contribution to the 

hypercalcemic syndrome being made by this cytokine in the absence of other 

factors. 

4.5 1,25 dihydroxyvitamin D3 Sorne hematologic malignancies such as 

Hodgkin' s disease and acute T celi leukemia-lymphoma (ATLL) have been 

associated with hypercalcemia and increased circulating leveis of 1,25 

{ 
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1 (OH)203' often in the presence of renal impairment, indicating an extra­

renal source of this steroid (28,29). Lymphoma cells in culture can 

convert 25 hydroxyvitamin D to 1,25 (OH)2Dl but also release numerous 

cytokines which could be involved in the pathogenesis of hypercalcemia in 

these malignancies. Several studies have identified PLP rnRNA and PTH-like 

bioactivity in conditioned medium from human T cell lymphotrophic virus 

type 1 (HTLV-l) infected cells derived from patients with ATLL implicating 

yet another hypercalcemic factor in this disease (30-32). 

This list of putative mediators of the hypercalcemic syndrome 

associated with malignancy demonstrates the diversity and interdependence 

of factors which could be invo1ved either directly or indirectly in the 

pathogenesis of the disease state. 

S.Rodent models of malignancy associated hypercalcemia. PTH-l ike 

bioactivity in the absence of skeletal metastases has been documented in 

a number of cases of mouse and rat tumors over the years. 

5.1 Carcinogen induced squamous carcinoma. Mice bearing a cutaneous 

squamous carcinoma, induced by painting their skin with the carcinogen 

dimethylbenzanthracene, exhibited many features of the HHM syndrome (33). 

However a 6 month lag time in turnor induction made this an impractical 

model for studying aspects of malignancy associated hypercalcemia. 

5.2 Walker rat. The Walker 256 breast carcinoma which arises 

spontaneously in rats is of interest in that there are both hypercalcemic 

and normocalcemic variants (34). This model however remains large ly 
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uncharacterized. 

5.3 Athymie mouse bearing hurnan turnor xenografts. Another approach used 

by nurnerous investigators has been the passage of human turnor xenografts 

in athymie mi ce (27,35,36). Extensive characterization of one of these 

mode1s in a series of papers strong1y suggE'sted a multifactoria1 basis to 

the hyperca1cemic syndrome (37-41). Turnor-bearing mice developed severe 

hypercalcemia and hypophosphatemia associated with elevated uri.nary eAMP 

and inereased calcium reabsorption. although renal phosphate clearance 

remained unchanged. In bone, resorption was increased and formation 

decreased. Passive immunization of turnor-bearing mice with repeated doses 

of antisera raised against PLP resulted in modest and transient reversa1 

of the biochemical and histomorphometric indices of di.sease compared with 

animals in which turnors were resected. In addition, turnor bearing mi ce 

developed cachexia and lost weight prior to the development of renal 

failure suggesting the presence of TNF (cachectin). Using a cytoehemical 

bioassay others hav found no correlation between hypercalcemia and PTH-

like bioactivity in the peripheral blood of cachectic mice bearing a human 

renal carcinoma supporting the hypothesis of multiple factorial 

involvement (42). The immunocompromised nature of the host animal should 

also be kept in mind when interpreting data from this model. Mice which 

are deficient in T-lymphocytes eould perhaps have compensatory changes in 

the B-lymphocyte and monocyte branches of their immune system. As 

osteoc1asts are thought to be der.ived from the monocyte lineage (43 ,44~ 

this may not be the best model in which to study the effects of systemic 

factors on osteoclastic bone resorption. 

( 
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5.4 Fischer rat bearing the Rice 500 Leydig cell tumor. Perhaps the 

best characterized and most extensively used rodent model of malignancy 

associated hypercalcemia is the male Fischer rat bearing the 

transplantable Rice 500 Leydig celi tl.UUor This non-metastatic, 

testicular tumor was shown to arise spontaneously in aged Fischer rats and 

when passaged sub-cutaneously in younger male animaIs produced the 

hypercalcemic syndrome associated wi th mal ignancy (45) Hypercalcemia 

developed in tumor-bearing rats despite thyroparathyroidectomy (TPTX) 

demonstrating an independence from the parathyroid gland and was rapidly 

reversed following tumor excision suggesting a dependence on the presence 

of the neoplasm. In view of the steroid-seereting nature of Leydig eeU s, 

initial studies attempted to identify a novel steroid in this tumor which 

eould be involved in calcium metabolism (46). Phytosterols, which had been 

assoeiated elsewhere with hypercalcemia, were identified in tumor tissue 

removed from hyperealcemie rats. However, they were also identified in 

other tumor tissue unassociated with hypereaicemia and shown to be a minor 

synthetic product of Rice 500 leydig eells. Inhibitors of steroid 

biosynthesis had littie effect in lowering serum calcium in tumor bearing 

rats and electron microscopie (EM) analysis of tumor tissue indicated less 

differentiation toward steloid secretory cells. Therefore, aithough the 

hypercalcemia associated with this tumor was exaeerbated by administration 

of gonadotropins it seemed unlikely to be caused by a steroid. 

Biochemical, histomorphometric and renal characterization of the model 

during the 1980's consistently demonstrated a syndrome identical to that 

found in humans except for an elevated circulating level of 1,25 (OH)2D3 

compared with a decreased level in the hum an syndrome (47-51). In this 
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respect the rat syndrome more closely resembles HPT. Differences in the 

severity and longevity of hypercalcemia and hypophosphatemia as well as 

species specifie receptor and/or post receptor activation of 25 

hydroxyvitamin D, 1 alpha hydroxylase have been advanced as possible 

explanations for this phenomenom (52). Despite elevated l, 25(OH)2D3 

levels, failure of a low calcium diet to significantly alter the blood 

calcium levels in tumor-bearing rats makes it unlikely that the syndrome 

represents an example of absorptive hypercalcemia as was the case in the 

VX2 rabbit carcinoma. 

6.8ioassay of PTH/PLP. Prior to the development of specifie 

radioimmunoassays (RIAs) for PLP, a number of bioassays, I-lhich had been 

developed for PTH were used to identify PTH-like bioactivity in tumors and 

peripheral plasma of patients with HHM. 

6.1 The cytochemical bioc..ssay (CBA) of glucose-6-phosphate dehydrogenase 

(G6PD) in guinea pig renal tubular cells (53,54). Following a short 

incubation with test substances segments of kidney cortex were sectioned 

and reacted for G6PD and the intensity of a colored product (formazan) was 

measured on a microdensitometer as the index of bioactivity. Incubation 

with cAMP, PTH or plasma from sorne hypercalcemic cancer patients resulted 

in a significant increase in G6PD activity compared with control. 

Following chromatography of plasma on Bio-gel PlOO profiles of activity 

were shown to differ for patients with HPT and HHM suggesting different 

circulating forms of the bioactive substance. The same assay was used to 

identify PTH-like bioactivity in acid urea extracts of tumors associated 
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with hypercalcemia and malignancy (55). Four of 5 tumor extracts showed 

marked stimulation of G6PD a'~tivity which was inhibited by co-incubation 

wi th the competitive PTH analogue Nle8,'Bry r 34bPTH 3 -1l.. Extracts from 

tumors not associated with hypercalcemia showed no activity in this assay 

6.2 Adenylate cyclase assay ( renal, osseous). Adenylate cyclase (AC) 

activity in purified canine renal cortical membranes was measured as the 

conversion of 32p ATP to 32p cAMP using bovine (b)PTH 1-34 as a standard 

(56). The ability of tumor extracts from hypercalcemic patients to 

stimulate this conversion was inhibited by PTH antagonists but not by pre-

incubation with antiserum raised against PTH. Therefore, although the 

active agent appea~ed to be interacting with the PTH receptor it was not 

recognised as PTH per se. Gel filtration studies once again demonstrated 

bioactive material with an estimated molecular weight in excess of that of 

PTH or its precursors. A variation of this assay was developed to measure 

the conversion of 3H adenine which was incorporated into the cellular pool 

of adenosine triphosphate ( ATP ) of rat osteosarcoma cells, into 3cAMP 

(57) . 

6.3 Fetal rat bone resorption assay ( 45Ca release ). Pregnant rats 

injected with radioactive CaCIZ had their pups removed 2 days later. Fetal 

long bones, dissected free of soft tissues, were then incubated along with 

test substances over a 48h period and 45Ca rl~leased into the medium was 

measured (58). Conditioned medium and tumor extracts from several human 

and animal tumors associated with hypercalcemia and malignancy were shown 

to increase AC activity in rat osteosarcoma cells as weIl as to stimulate 
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the release of 45Ca in this assay (57). 

6.4 IN VIVO infusion in thyroparathyroidectomised rats. Partially 

purified extracts of tissues derived from rat and human tumors associated 

with hypercalcemia and malignancy were infused into acutely TPTX' d rats 

(59). Turnor extracts which were shown to stimulate AC and G6PD activity IN 

VITRO were also capable of stabilizing plasma Ca and P04 and increasing the 

fractional excretion of P04 and cAMP, in a manner analagous to PTH, when 

infused into TPTX' d rats. These studies once again demonstrated that 

extracts of tumors differing in both cell type and species of origin, but 

associated with the same hypercalcemic syndrome IN VIVO, were capable of 

eUciting the same bioactivity IN VITRO and IN VIVO. 

The bioassays which had been developed for PTH were therefore 

successful in demonstrating PTH-like bioactivity, in the absence of PTH 

immunoreactivity, ln both tumors and plasma taken from patients with HHM 

and were subsequently used in various combinations for identification of 

this activity during purification procedures. 

7. Purification and cloning of the PLP peptide. A peptide sharing 65% 

amino (NH2) - terminal sequence homology with PTH was purified from 4 

different hurnan tumors and a rat tumor associated with hypercalcemia by 4 

independent groups within months of one another. 

7.1 Human PLP. An 18 kilodalton (kD) protein was isolated by 

T.J.Martin's group from conditioned medium harvested from the BEN cell 

Une which had been estab1ished from a squamous carcinoma of the 
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bronchus. (60) Using limited NH2 terminal sequence data, oligonucl(>olide 

probes were constructed and used to screen a complempntary 

deoxyribonucleic acid (cDNA) library prepared fron: BEN cell RNA.(61). The 

st'quence of positive clones predicted a mature, full length pl'otl'in of 

141 amino acids with a molecular weight of 16 kD which was in clos(> 

agreement with that of l8kD estimated by sodium dodocyl sulfate (SDS) 

polyacrylimide gel electrophoresis (PAGE) and amino acid analys i s of the 

purified protein. In addition, the mRNA encodes a 36 amino ach1 pre-pro 

sequence characteristlc of secretory proteins . Sequence homology with PTH 

was restricted to the last two amino acids of the pro sequence 

representing the Lys-Arg cleavage site and 8 of the first 13 amino acids 

of the mature peptide, accounting for both its affini ty for tlw PTH 

receptor and also its lack of cross-reactivity with antisera raiscd 

against PTH. AU positive clones had identical DNA sequence in the coding 

and 3'noncoding regions but different 5'noncoding regions were evident. 

Transient transfection of COS-7 monkey kidney ce 115 wi th an expresRion 

veetor containing the full-length cDNA resu1ted in the expected PTII-like 

bioactivit.y in conditioned medium verifying the authenticity of the 

c10ning procedure. 

Using sirnilar purification techniques, a second group headed hy 

A.E.Broadus isolated a l7kD protein from a breast tumor associated with 

hypercalcemia. (62) Poly(A)+RNA from a renal carcinoma was used by this 

group to construct the cDNA library which was then screened wi th 

oligonucleotide probes based on sequence data obtained from the breast 

tumor purification. (63) One of two positive clones identified the sarne 531 

base pair (bp) open reading frame coding for the 177 amino acid pre-pro 
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peptide which had been report:ed earlier. Deduced ( from renal earcinoma 

cONA ) and det:ermined ( from breast carcinoma purification) amino acid 

sequences corresponded well and indicated a predominance of basic residues 

confirming the resul ts obtained from isoeleetric focussing conducted on 

the purified protein. No met:hionine or cysteine residues and no pot:ential 

N·glyeosylat10n sites were evident. However, a pot:ential site for post­

translational amidation in the form of a PGKKKK run at positions 86-91 was 

tdentified. The open reading frame of this clone was flanked by 938 bp of 

5' and 472 bp of 3' untranslated sequence together with a 60 base poly(A) 

tail and was j udged to be representative of a near eomplet"e message. When 

probed with this cDNA, RNA prepared from tumors associated with 

hyperealcemia demonstrated complex hybridization patterns on Northern 

analys is whereas RNA from turnors unassociated with hypercalcemia failed to 

hybridize. In addition, a hybridization pattern similar to that ohtained 

from the original renal carcinoma, though much reduced in signal 

intens i ty, was obtained from normal human keratinocytes. Identification of 

PLP rnRNA in normal cells not only verified earlier experiments which 

demonstrated PTH·like bioactivity in conditioned medium from those ceUs 

(64) but also predic ted the potential biological importance of PLP in 

normal phys 1010gy. Southern blotting of mammalian DNA, IN SITU 

hybridization and somatic ce Il hybrid analys 1s revealed a single eopy gene 

which was mapped to the short arm of chromosome 12. Multiple transcripts 

evident on RNA analysis were therefore most likely a fune tion of 

alternative splicing of the s'.ngle copy gene rather than products of 

multiple related genes. This hypothesis was later confirmed when analysis 

of the second positive clone revealed a longer reading frame, coding for 
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a 173 amino acid peptide with the same 36 amino aeid pre-pro sequence, a 

shorter 5' untrans1ated region and a unique 3 'untranslated reglon. (65) 

The third group, led by G. Strewler, to successfully clone the PTH-

1ike peptide used sequence data obtained from a peptide puriCicd from 

another renal carcinoma. (66) In addition ta activity in bone and renal 

bioassays the peptide was shawn ta bind competitlvely to the PTH receptor 

in canine rena1 cortical membranes. Screening of the cDNA library prepared 

from the renai carcinoma uncovered yet another peptide i soform of 139 

amino acids with a different 3' noncoding region (67). Alternative 

sp1icing of a singld copy gene generating mature peptide isoforms of 139, 

141 and 173 amino aeids with variable 5' and 3' flanking sequences was 

therefore demonstrated by 3 independent labocatories. Taken together with 

evidence for the exi stence of this peptide in normal tissues these 

findings suggested a potential mechanism for developmentai and/or tissue 

specifie gene regulation. 

7.2 Rat PLP. Rat PLP was c10ned and characterized using a library 

prepared from a rat Leydig ceU tumor. (68,69) A l200bp positive clunE' 

contained the same open reading frame eneoding the original 177 amino aei cl 

prepro peptide identified in a human tumor. Comparison of rat and human 

sequences revealed only 4 substitutions in the prepro sequence ilnd 2 

between positions 1-111 verifying an earlier report of extensive amino 

acid homo1ogy between purified rat and human peptides (59). The strict 

conservation of residues 35-111, beyond the region required for PTH-like 

bioactivi ty, suggests this domain is of bio1ogical re1evance to mammalian 

physio1ogy. Un1ike the comp1ex hybridization pattern obtained from human 
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RNA, Northern ana1ysis of rat RNA prepared from both normal and malignant 

tissue revea1ed a single band at 1.4 kb predicting a much 1ess complex 

transcriptional unit in the rat compared with man. 

8. Cloning and Characterization of the PLP gene 

8.1 Human PLP gene. The single copy human PLP gene spans at least 15 

kilobases (Kb) of genomic DNA, contains a minimum of 7 exons and although 

far more cornplex, shares a functiona1 organization of introns and exons 

with PTH suggesting a cornmon ancestral origin.(70-72) In both genes the 

same 3 functional domains i.e. 5'noncoding region, prepro coding region 

and lys-arg cleavage site plus mature peptide, are encoded by single exons 

(Fig 2). Exons l and II of the PLP gene encode alternate 5' non-coding 

regions each associated with its own prornoter. However, the presence of 

the 5' sequence encoded by exon II in the majority of cDNAs identified to 

date indicates preferential use of the downstream prornoter lying between 

Exons l and II. The 5' non-coding region contained in Exon l is unusua11y 

long and sorne evidence exists that it may be a1ternatively spliced giving 

ris~ to additional 5' exons (73). Exon III encodes the pre-pro sequence of 

PLP and exon IV the lys-arg c1eavage site and one isoform ( PLP 1-139 ) of 

the mature peptide. Exons V, VI and VII of the PLP gene encode alternative 

3' non-coding regions and in the case of exons VI and VII, different 

carboxy terrnini of PLP composed of 34 and 2 additional amino acids 

respectively. Alternative use of the two promoters, together with 

alternative splicing of 3' exons therefore accounts for the heterogeneity 

of PLP rnRNA identified on Northern analysis and for the existence of three 

peptide isoforms with different 5' and 3' flanking sequences (Fig 3). 
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hPTH 
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Iys-arg PTH 

hPLP 

II m TIl 
lys-argPLP 

Functional organization of hPTH and hPLP genes: 
Constitutively used exons are j oined hy 30li d 1 inps and 
alternatively used exons are joined by dashed lines. Single 
exons encode the 5' untranslated region, the' pre-pro peptide' 
and the lys-arg cleavage site with the mature peptide in both 
hPTH and hPLP genes. The PLP gene makes use of alternative 5' 
and 3' untranslated sequences whereas the PTII gene mnkes use 
of a single 5' and a single 3' sequence. 
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Alternate splicing patterns fo~ the hPLP gene: Exons in the 
5' untrans1ated regions are represented by the hatched 
rectangles, coding regions by the solid rectangl~s and 3' 
untranslated exons by the stipp1ed rectangles. Tl and T2 
represent alternative transcriptional start sites and Pl, P2 
and P3 alternative polyadenylation sites. A-D depict the 4 
different mRNA species which have been identified and arise 
from the use of alternative promoters and different 3' 
splicing patterns. A and B code for 141 amino acid peptides 
and C and D encode peptides of 139 and 173 amino acids 
respectively. 
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1 8.2 Rat PLP gene. The single copy rat gene, isolated from a rat 

liver genomic DNA library, was shown to span 12 Kb and contain only 4 

exons compared with the seven exon human gene. (74) Unlike the hl.lman PLP 

gene, that of the rat uses a single promoter and encodes a single sp(\cies 

of rnRNA confirming i ts less complex nature. As was the case wi th human PLP 

and PTH genes, those of the rat demonstrated similar functional 

organization i. e. single exons encoding 5' noncoding (exon 1), prepro 

sequence (exon II) and lys-arg cleavage site and mature peptide (exon 

III). In the case of rat PLP, exon IV encodes the 3' non-coding sequence' 

whereas the rat PTH gene has no separate exon for this pl.lrpose. 

In addition to extensive sequence homology in the cading region and 

similar functional organization, the mRNA encoded by both rat and human 

PLP genes encode consensus motifs in 5' (Ge repeats) and 3' (AU repeats) 

noncoding regions which are shared with a number of protooncog('nes and 

cytokines (75). The presence of these motifs has been associated with 

superinduction of mRNA following inhibition of protein synthesis 

reflecting increased gene transcription and/or mRNA stabilization. 

Preliminary work exploring the regulation of rat and human PLP gene 

expression demonstrated superinduction of PLP mRNA following cycloheximide 

treatment and was attributed to inhibition of a suppressor protein élB we] l 

as stabilization of rnRNA by an unexplained mechanism.(76) 

8.3 Evolutionary relatedness of PLP and PTH Apart from the striking 

similarity in functional organisation of the rat and human PLP and PTH 

genes, their localization to chromosomes bearing related functional genes 

is further evidence for a common ancestral origin (77). In the human 
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genome PLP has been assigned to the short arm of chromosome 12 which also 

bears the genes for lactate dehydrogenase B and the Kirsten-ras proto-

oncogene. PTH on the other hand lies on the short arm of chromosome Il, 

co-localised with lactate dehyrirogenase A and the Harvey-ras proto-

oncogene (63). Assignment of the rat PLP gene to chromosome 4 (78) and 

that of the mouse to chromosome 6 (79), the known genetic loci of the 

Kirsten-ras proto-oncogene, indicates conservation of a syntenic group in 

these three marnmalian species. 

The presumed co-existence of PLP and PT.1 in both teleost and avian 

species suggests the divergence of PLP and PTH from a common ancestral 

gene was an early evolutionary event. The pituitary gland, along with the 

corpuscles of Stannius, has previously been identified as being involved 

in the metabolism of calcium in fish (80) . Using specifie 

radioimmunoassays for PTH, PLP and stanniocalcin ( a hypocalcemic fish 

peptide ) salmon pituitary extracts were shown to contain substantial 

quantities of a11 three peptides (81). The relative concentrations of 

PTH:PLP:stanniocalcin following HPLe fractionation were 13:100:400 ng/mg 

of protein. Al though irnmunocytochemical staining of stanniocalcin was 

demonstrated in sections of pituitary and brain neither PLP or PTH 

irnmunoreactivity was demonstrated, despite a previous report of PTH 

irnmunostaining in goldfish pituitary glands (82). This represents the only 

study to date reporting the presence of PLP in teleosts and must therefore 

be viewed with caution while awaiting verification. 

The avian PLP gene on the other hand has been cloned and partially 

characterizpd using a chicken genomic DNA library probed with a human 

coding region fragment (83,84). The open reading frame contained in 
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positive clones had 69% identity at the nucleotide level with Exon IV of 

the hum an gene along with precisely conserved 5' and 3' splice junctions 

(Fig 3). The single copy gene encodes mature peptides of 139 and 141 amino 

acids, compared with 141 amino acids in the rat and 139, 141 or 173 amino 

acids in the human. Although only a single promoter was identified, 

Northern analysis of RNA from embryonic chicken tissue revealed widl'sprP<id 

distribution of a 1.5 kb transcript as well as a minor 1.2 kb messagt' 

suggesting the potential for alternative splicing ('f the chicken gene. 

9. IN VIVO bioactivity of synthetic PLP 

Once PLP had been c10ned and sequenced, the commercial availability 

of synthetic PLP fragments enabled investigators to examine the pxtent to 

which this novel peptide both mimicked and differed from l'TH in i ts 

biological activi~y. The primary objectives of the following experiments 

were therefore not only to determine if PLP was capable of eliciting the 

hypercalcemia of malignancy syndrome when circulating IN VIVO but also to 

explain the apparent differences in bioactivity between PLP and PTH when 

they appeared to exert their effects through the same reccptor Pn.'Vio.LS 

studie~ had identified amino acids 1-34 of the PTH molecu1e to be both 

necessary and sufficient for receptor binding and activation, triggering 

changes in mineraI homeostasis associated with that hormone (2). Initial 

studies therefore examined the bioactivity of synthetic NHz-terminal 

fragments of PLP and compared them with the effects of NHz-terminal 

fragments of PTH. 

9.1 Effect on the kidney. When infused into acutely TPTX'd rats at a 
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rate of lnmol/hour for 4 hours both PLP 1-34 and PTH 1-34 increased the 

fractional excretion of phosphate and cAMP, decreased urinary calcium 

excretion and prevented the fall in plasma calcium seen in vehicle infused 

controls (85) In addition to truncated amino-terminal fragments, 

recombinent full-length PLP 1-141 was tested in the same IN VIVO system 

and found to be equipotent with PLP 1-34 and PTH 1-34 in decreasing 

calcium excretion while increasing that of phosphate and cAMP (86) Co-

infusion of PLP 1-34 with the PTH antagonist PTij 7-34 in a 50 fold excess 

resulted in inhibition of these PLP stimulated changes (87) Infusion of 

the peptides for 16 hours resulted in more pronounced changes in pldsma 

calcium and phosphate as weIl as a rise in circulating l,25(OH)2D3 (88). 

In short term experiments ( 4h ) the changed biochemical indices were most 

likely due to the altered renal handling of divaient ions whereas over the 

longer term ( l6h changes could have been a function of altered 

responses in kidney, gut ( given the rise in 1,25(OH)2D3 ) or bone. The 16h 

infusion was therefore repeated in TPTX, nephrectomjzed (NPX) animaIs fed 

a low calcium diet to determine the relative contribution being made by 

bone to the PLP/PTH induced hypercalcemia. The drastically reduced 

response suggested an important renal component, either direct1y through 

reabsorption or indirectly through increased absorption as a function of 

the raised l,25(OH)2D3 levels. 

9.2 Effect in bone. A direct catabolic effect of PLP on bone was 

demonstrated by infusing TPTX rats for 48h before removing the tibial 

mataphysis for histomorphometric analysis (89). Equivalent, dose-dependent 

increases in the number of osteoc1asts/mm2 of bone were noted for PLP and 
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1 PTH treated animaIs compared with those receiving only a maintenance dose 

of PTH. These changes were accompanied by equivalent increases in plasma 

calcium and decreases in plasma phosphate for the two peptides. Repeated 

sub cutaneous injections of PLP or PTH over a 3d period in mice reportedly 

elicited the same degree of increased calvarial resorption (90) but the 

calcemie response was significantly greater to PLP than to PTH, perhaps 

reflecting a species difference or altered metabolism of the two peptides 

as a function of the route of administration. Alternatively the 

quantitation of osteoc1asts may not be a sufficiently sensitive method of 

demonstrating a1tered bone metabo1ism. 

Quantitative histomorphometry of rat long bones following a 12d 

course of low dose PLP 1-34 or PTH 1-34 treatment indicated an increase in 

bone mass and bone forming surfaces in PTH treated rats whereas the bones 

of PLP treated animals were indistinguishable from control bones. (91) . 

This anabo1ic response to PTH 1-34 was later shown to be severe1y 

attenuated in hypophysectomised rats (92). Administration of growth 

hormone or PTH a10ne produced little change in bone mass or calcium 

content compared wi th vehicle treated control animaIs. Howevel'. co­

administration of growth hormone and PTH restored the anabolic response. 

As growth hormone has no direct effect on appositional bone growth it was 

most like1y acting as a competence factor for sorne intermediate. Perhaps 

the lack of anabolic response to PLP reflects an inability of that peptide 

to interact with the intermediate in question. The apparent lack of 

anabo1ic activity in PLP treated animals compared with PTH treated animals 

could help to explain the "uncoupled" bone turnover associated with the 

hyperca1cemia of malignancy syndrome. 
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1 lt could therefore be concluded from these IN VIVO studies 

that, with the notable exception of anabolic activity in the skeleton, PLP 

1-34 elicited the same spectrum of biological activity as PTH 1-34 when 

infused into rats and that this activity appeared to be a function of the 

peptides binding to a common receptor in both kidney and bane. 

10. Receptor blnding and activation. 

10.1 Binding characteristics. Using a variety of synthetic amino-terminal 

radio1igands of PLP and PTH the characteristics of peptide binding were 

determined in both renal and osseous cells (93-95). Without exception the 

two peptides demonstrated the same reversible, time and temperature­

dependent binding to a single class of high affinity ( 1.5 nmol ) low 

capacity ( 10 fmoll 10; cells ) receptor. When affinity 1abe1ed and cross­

linked with either radioligand the ligand-receptor complex migrated on SOS 

gels with an apparent mo1ecu1ar size of 80 kO. Each peptide specifica11y 

competed for binding with either radioligand in a dose dependent manner 

and with parallel inhibition curves. Given the 1imited ( within the first 

13 residues ) sequence homology between PLP and PTH, and the fact that PTH 

25-34 had been identified as critical to PTH receptor occupancy (96), 

these identica1 binding characteristics were somewhat puzzling. Tlle lack 

of sequence homology in the 25-34 domains of PLP and PTH suggested that 

similarity in peptide conformation was sufficient for equivalent receptor 

interactions with either peptide. This hypothesis was validated when 

synthetic PLP 14-3l. and PTH 14-34, whic:h share no sequence homology, were 

shown to compete for binding to a common receptor on ROS cells (97) and in 

renal cortical membranes (98). PLP and PTH were therefore shown to bind 
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1 specifically to a membrane-bound component with the same apparent 

physicochemical and binding properties. 

10.2 Adenylate cyclase activation. Unlike the strikingly similar binding 

characteristics displayed by PLP and PTH in both bone and kidney cells the 

data for adenylate cyclase activvtion and inhibition appears to be less 

weIl defined. In renal membrane assays PLP was either equipotent (85,90) 

or less potent (88,94) than PTH in adenylate cyclase activation whereas in 

intact bone cell systems PLP was either equipotent (85,88,90) or more 

potent (94,99) than PTH in stimulating cAMP production. Preincubation of 

opossum kidney and rat osteosarcoma cells (85) and of hum an osteosarcoma 

ce11s (100) with either peptide induced homologous desensitization, to a 

second challenge with the same peptide, as weIl as desensitization to the 

other peptide. On the other hand, preincubation with testosterone or 

estrogen reduced both PLP and PTH stim'.llated increases in adenylate 

cyc1ase activity in the human bone cells but not in those derived from the 

rat. (101,102). 80th PLP 3- 34 and PTH 3- 34 demonstrated the same weak 

agonist activity when tested at high concentrations IN VITRO and 

especially IN VIVO (85). In addition, PLP 3-34 as weIl as PTH 3-34 served 

as competitive antagonists IN VITRO using either PLP 1-34 or PTH 1-34 as 

agonist (85,93). On the other hand, PLP 7-34 was a more effective 

antagonist to PLP 1·34 stimulated activity (103,104) as was PTH 7-34 to 

PTH 1-34 :;timulated activity (104). These apparent discrepancies could 

reflect differences arising from the use of whole cell versus broken cell 

preparations, from interspecies differences or perhaps from the existence 

of multiple receptor sub-classes. 
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( 10.3 Cytosolic calcium mohilization. Apart from activating the adenylate 

cyclase pathway, binding of PTH to its membrane-bound receptor has been 

shown to induce transient increases in intracellular calcium (iCa++) in 

both kidney (105) and bone (106) derived cells. Both inositol 1,4,5 

triphosphate-stimulated release of calcium from intracellular stores 

(107,108) and calcium influx from the extrace11ular environrnent (109) have 

been identi[ied as sources of calcium involved in these transient 

elevations in iCa++. PLP 1-34 was shown to induce a rise in cytosolic 

calcium in suspensions of UMR-106 rat osteosarcoma cells which was 

partially inhibi~ed by the competitive antagonist PTH 3-34 and duplicated 

by PLP 1-141 and PTH 1-84 (110). Ne~ther chelation of extracellular Ca 

with EGTA nor treatment with a voltage-dependent Ca++ channel antagonist 

influenced this PLP /PTH induced calcium transient. Taken together with 

evidence documentinl PLP/PTH stimulated increases in inositol 

triphosphates (111-112) these findings suggest that release of calcium 

from intracellular stores, rather than an influx from the extracellular 

pool, was the major source for the increase in cytosolic calcium in these 

experiments. These observations were corrohorated and extended by others 

who demonstrated both increased intrace11ular calcium and cAMP 

accumulation were stimulated in a dose dependent and equivalent manner by 

PLP 1-34, PTH 1-34 and PLP 1-141 (104). 

lt is known tbat the first two amine acids of PTH are essential for 

full activation of the adenylate cyclase pathway while amino-termiflal 

truncated fragments are either weakly active (PTH 3-34) or inactive (PTH 

7-34). However, evidence exists for partial agonist activity for both PTH 

3-34 and PTH 7-34 in the stimulation of iCa++ when measurements were made 
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1 in ce11 monolayers (113,114). This demonstration of alternate transduction 

mechanisms,perhaps requiring different molecular domains for activation, 

but apparently activated in an equivalent manner by PLP and PTH via the 

same receptor, opens the possibility of cell-specific coupling patterns 

which could modulate the biological response to the different peptides. 

Il. RoIe of PLP in feta1 development 

11. l Placental calcium transfer. In late gestation the 

syncytiotrophoblast constitutes the major cell population separating 

maternal and fetai compartments and is the site of active nutrient an i ion 

transport from mocher ta fetus. The existence of a "calcium pump" within 

this cell layer, which maintains the fetus in a state of hypercalcemia 

relative to the mother has been postulated since before Albright's time 

Initial studies attempted ta identify PTH as the hypercalcemic factor 

responsible for maintaining the pIa(.ental ca le ium gradient. However, 

circulating levels of bath amino terminal and carboxy terminal PTH were 

decreased in the term fetus comparee wi th the mother and ye t PTH -like 

bioactivity was considerably elevated. (115). A strong positive correlation 

was delll')nstrated between the calcium gradient and the bioactivity present 

in the fetal circulation suggesting the calcium pump was being directed 

from the fetal side. Identification of PTH receptors on both maternaI and 

fetal sides of the syncytiotrophoblast (116) reinforced the hypothesis 

that a factor binding ta the PTH receptor could be influencing calcium 

transport through this tissue. An Australian group using IN SITU perfusion 

of sheep placenta as a working model had shown that fetal TPTX IN UTERO 
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resulted in a rapid decline in fetal plasma calcium and abolition of the 

placental calciwn gradiant. (ll7). Infusion of PTH 1-34 over the short 

term failed to re-establish the gradient whereas long term infusion of 

large doses of PTH did. The la te increase in fetal plasma calciwn was 

later shown tu be a function of calcium release from fetal bone rather 

than from increased plaeental transport (118). Infusion of partially 

purified extracts of either fetal parathyroid gland or the BEN cell lung 

tumor, from which PLP was purified, were both capable of reinstating the 

placental calciwn gradient on a short term basis (119). When extracts of 

fetal parathyroid glands were bioassayed (119,120) after treatment with 

anti-PTH antibody they showed residual PTH-like aetivity which was later 

identified by radioimmunoassay as PLP (121). Therefore the physiologieal 

hyperealeemia in the fetal lamb, associated with increased PTH-like 

bioactivity but decreased immunoreactive PTH, appeared to be mediated by 

the same factor as that associated with the hypercalcemia of malignancy. 

Il.2 Autocrine modulator of growth More recent studies have identified 

PLP, using a va~iety of techniques, in both fetal and placental tissue of 

the rat (122), the sheep (123) and man (124). The widespread distribution 

pattern, whieh appears to shift during ontogeny, i5 consistent wi th an 

autocrine/paracrine role in the growth of these mammals as well as a 

possible role in fetal calcium homeostasis. 

The succeeding chapters of this thesis will deseribe the work l have 

do ne examining the role played by PLP in the pathogenesis of 

hyperealeemia, the regulation of i ts express ion in a model of tumor 

progression, and its mechamism of action in a non-classical target tissue. 
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CHAPTER II CIRCULATING CONCENTRATIONS OF PARATHROID HORHONE-LIKE 

PEPTIDE IN MALIGNANCY AND IN HYPERPARATHYROIDISM 

Preface 

Identification in twnors associated with hypercalcemia of a peptidE.' 

sharing substantial amino-terminal sequence homology with 

parathyroid hormone appeared to provide sorne insight into a common 

paraneoplastic syndrome. However 1 the frequency wi th which it was 

produced by tumors IN VIVO and i ts exac t role in the pathogenes is of 

malignancy associated hypercalcemia remained to be defined. This 

chapter describe3 the developrnent of an amino- terminal 

radioimmunoassay for parathyroid horrnone-like peptide (PLP) and its 

application to the measurement of circulating concentrations of the 

peptide in cancer patients and in patients wi th hyperparathyroidism. 
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Abstract 

We have examined circulating concentrations of a parathyroid 

hormone-like peptide (PLP) in patients with malignancies and in patients 

wi th hyperparathyroidism The radioimmunoassay employed reacts with 

synthetic amino- terminal fragments of PLP but not with parathyroid 

hormone. Elevated plasma PLP concentrations were observed in 50% of 

patients with malignancy and hypercalcemia and in 15% of normocalcemic 

cancer patients, mean values being higher in the former group. Detectable 

plasma PLP concentrations were found in 2 of 39 control subjects. In two 

patients with breast cancer plasma PLP declined concomitant with a 

reduction in tumor burden Adenocarcinoma of the breast and squamous cell 

carcinomas were most frequently assoc iated wi th high plasma PLP levels 

although a variety of histologie typ~s were represented. The presence of 

metastases on bone scans did not correlate with either the severityof 

hypercalcemia or with the extent of PLP e levation . lncreased 

concentrations of plasma PLP were also observed in 4 out of 20 patients 

with primary hyperparathyroidism and in 5 out of 16 patients with chronic 

renal failure and secondary hyperparathyroidism Gel filtration analysis 

of immunoreactive PLP in plasma from two hypercalcemic breast cancer 

patients revealed heterogeneity, with in each case, both large (greater 

than 15 Kilodaltons) and small (6-7 Kilodaltons) molecular weight amino-

terminal moieties. The resul ts document the presence of PLP in the 

circulation of patients with cancer and are consistent with a pathogenetic 

role for PLP in the hypercalcemia of malignancy irrespective of whether 

skeletal metastases have occurred. PLP may also contribute to the skeletal 

and/or renal manifestations of hyperparathyroid states . 
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1 Introduction 

Hypercalcemia is a rel.atively common cause of morbidity due to 

mali gnanc ies and may complicnte virtually a11 histological types. The 

concept of a humoral pathogenesis for this complication of malignancy has 

received considerable study (1-8) and a number of potentia1 factors which 

might act in either endocrine or paracrine modes have been imp1icélted over 

the years (9). The necessity to search for a systemic fac tor arase in part 

from the association of hypercalcemia with rnalignancy in the absence of 

skeletal metas tase&, although an endocrine mediator was suggested by 

Albright even in the presence of osteolytic les ions (1). Parathyroid 

hormone (PTH) per se, in most cases, seemed not to be the pathogenetic 

agent of the hypercalcemia of malignancy syndrome (10,11). Nevertheless, 

a biologically related, but immunologically distinc t subs tance appeared ta 

be a reasonable candidate as a mediator (12). Recent s tudies examining 

this issue led to the identification in bath human neoplasms (l3-l5) and 

in a rat model of thf! human syndrome (16), of a PTH-like peptide (PLP). 

This material has been cloned and sequenced (16-20) and synthetic 

fragments prepared. These have been shown ta mimic closely the effect of 

PTH by acting at conunon renal and osseous receptors (21-27) Nevertheless, 

the role of this peptide as a pathogenetic factor in the hypercalcemia of 

malignancy remains unclear. In the present study, we have applied a 

recently developed radioimmunaassay (RIA) for PLP to the exarnination of 

circulating concentrations and for evidence of its association with the 

hypercalcemia of malignancy syndrome. Furthermore, we have compared 

circulating concentrations in malignancy wi th those occuring in 

hyperparathyroid states. 
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Subjects and Methods 

Subjects 

Patients with malignancy seen betwaen March and June 1988 in the 

inpatient wards of the Royal Victoria Hospital or Montreal General 

Hospital or in the outpatient services of the Royal Victoria or Jewish 

General Hospitals were prospectively examined. Those with hypercalcemia 

(plasma calcium greater th an 2.62 mM) included 18 men and 21 women aged 31 

to 78 (mean age of 60 years). Normocalcemic cancer patients included 31 

men and 43 women aged 31-87 (mean age 58 years). Evidence for metastatic 

involvement of bone was sought by means of 99mrC-diphosphonate bone scans 

in 41 of the patients studied. Control subjects, who were aIl 

normocalcemic and without evidence of cancer, parathyroid disease or renal 

disease, inc luded 17 men and 22 women, aged 23 to 75 (mean age 52 years). 

Patients with primary hyperparathyroidism included 3 men and 17 women, 

aged 18 to 76 (mear. age 58 years) wi thout evidence of renal impairment. 

AlI were documented to have adenomas at the time of surgery. 12 men and 

4 women (aged 30 to 78, mean 49 years) undergoing chronic hemodialysis at 

the Royal Victoria Hospital were also studied. 

hemodialysis in these patients was 4.5 years. 

Blood Samples 

The mean duration of 

Blood samples for assay were co1lected in heparinized (143 units per 

10 ml tube) vacutainer tubes (Becton Dickinson) and kept at 4°C for up to 

2 hours prior to centrifugation. Plasma was then immediately frozen and 

stored at -20°C for up to 2 weeks before assay. Samples from patients 
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2 hours prior to centrifugation. Plasma was then immediately frozE'n and 

stored at -20°C for up to 2 weeks before assay. Samples from patients 

undergoing chronic hemodialysis were taken pre-dialysis. 

Analytical Hethods 

The PLP radioimmunoassay employed an antiserum, 5087,13, nt n filMl 

dilution of l: 25,000. This antiserum was raised in female New Ze,tlclnd 

white rabbits to human (h)PLP-(l-34) which was synthesized using soUd 

phase techniques (Armand Frappier Institute, Montreal, Quebec, Canadd) 

Animals were innoculated at multiple (8-10) sites subcutaneously with d 

solution containing 1250 ~gm of PLP-(1-34), 250 ~gm of metBSA, 650 ~l oL 

Freunds complete adjuvant and 650 ~l of 0.9% NaCl/rabbit for the primary 

immunization. Animals were given their first boost 6 weeks later with 1300 

~l of solution containing one third the peptide and metBSA as the primary 

immunization and bled via an ear vein ten days later Subsequent boosts 

were at 4 week intervals, the collection of blood being made 10-12 days 

later. The antiserum eroployed for these studies was obtained aiter lhe 

third booster. Synthetic hPLP-(l-34) was also emp10yed as a standard and 

0.3 ml aliquots of heparinized patient plasma were assayed in triplicata 

in a final volume of 0.5 ml containing sodium barbital buffer, pH 8.0. 

Outdated blood bank plasma was employed as an assay "blank" and to dilute 

standards. Non-equilibrium incubations were carrled out for 5 days at 4°C' 

antibody added to standards and unknowns on day l, 125I-Iabeled [TyroJhPLP-

(1-34) prepared by the lactoperoxidase technique (28) added on day 3 

followed by phase separation on day 5 using 1 ml of a mixture of 0 3% 

dextran (Sigma) and 3% alkaline charcoal (Norit A). The stclbility of 125I_ 
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labeled PLP during the assay was established as being greater than 93% by 

incubating 0.3 ml of patient plasma in paralle 1 in the absence of 

antibody. The interassay coefficient of variation was 19% (n-5) and the 

intraassay coefficient of variation was 6% (n=lO). Synthetic [TyrOjhPLP- (1-

34) and [Tyr34]hPLP-(1-34) (Peninsula Laboratories Belmont, CA), and 

synthe tic hPTH-(1-84) and hPTH-(1-34) (Sachem Fine Chemicals Incorporated, 

Torrance, CA) were used for determination of radioimmunoassay 

characteristics. 

The PTH assay was a two-site, immunoradiometric assay measuring 

"intact" PTH-(l-84) (29) (Nichols Institute, San Juan, Capistrano, CA). 

One antiserum blnds the 1-34 sequence of hPTH and the other is specifie 

for the 39-84 portion of the hPTH mo1ecule. 

Plasma calcium 1evels were determined by atomie absorption 

spectrophotometry (Perkin Elmer Model 703). Serum creatinine, blood urea 

nitrogen, albumin, total protein and gamma glutamyl transpeptidase (GGT) 

were determined by autoanalyzer (Technicon Laboratories, New York, NY). 

Serum carcinoembryonie antigen (CEA) was determined by ELISA assay 

(Boehringer Mannheim). 

Gel Filtration Chromatography 

Gel filtration was performed as previously described (30) with Bio 

Gel P-IOO (100-200 mesh) on 1.2 x 40 cm columns at 4°C eluting with a 

buffer of 0 lM anunonium acetate, pHS.O. Fractions (1 ml) were collected, 

1yophilized, reconstituted with 300 ~l of OBBP and radioimmunoassayed for 

PLP The column void volume and salt volume were determined with blue 

dextran and Na' 251 respectively. Iodinated synthetic hPTH(l-84), hPTH(7-
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1 84), hPTH(1-34) and human calcitonin (CT) with molecular weights of 9500, 

8800, 4100 and 3400 respective1y (Sachem Fine Chemicals Tncoporated) 

were employed for calibration. 

Statistical Analysis 

Data are expressed as mean ± SEM and statistical comparisons werp 

based on the Student's t-test. 

Results 

Characteristics of the Radioimmunoassay 

Increasing concentrations of synthetic hPLP-(1-34) and of synthetic 

[TyrO]hPLP-(1-34) produced a dose-dependent and equivalent inhibition of 

binding of 125r-labeled [TyrO]hPLP-(1-34) to the antiserum (Fig. 1) Seriai 

dilutions of plasma from a patient with malignancy (breast) and 

hypercalcemia also produced parallel inhibition of binding. However, thp 

synthetic analogue (Tyr34 ]hPLP(1-34) was only 5% as potent as hPLP-(1-14) 

in inhibi ting binding, suggesting that an important epitope was present ln 

the carboxyl end of the molecule Neither hPTH-(l-34) nor hPTH-(1-84) 

cross-reacted when added up to 2.5 ~gm/tube demonstrating the specificity 

of the assay for immunoreactive PLP. 

Plasma PLP Concentrations in Malignancy and in Parathyroid Disorders 

Plasma concentrations of PLP, PTH and calcium were measured 

concomitantly in samples from 39 hypercalcaemic cancer patients, 7{~ 
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normocalcaemic cancer patients, 20 patients with primary 

hyperparathyroidism and 16 patients with chronic rena1 fai1ure and 

secondary hyperparathyroidism (Fig. 2). Mean leve1s of PLP were highest in 

patients with malignancy and hypercalcemia but were also elevated in 4 out 

of 20 patients with prirnary hyperparathyroidism and in 5 out of 16 

patients with secondary hyperparathyroidism. On1y 2 out of 39 

normocalcemic contro1s had detectab1e 1eve1s (Fig. 2). Mean Pl'H 1eve1s 

were below the mean normal level in patients with malignancy and 

hyperca1cemia, were indistinguishable from normal in patients with 

malignancy but without hypercalcemia, and were elevated in primary and 

secondary hyperparathyroidi~m. 

Patients harbouring a variety of different malignancies were 

examined (Table l). Elevated plasma PLP concentrations were found in 

association with hypercalcemia in all pathologie types studied but were 

most frequent with adenocarc inoma of the breast and squamous ceU 

carcinoma. In the absence of hypercalcemia, e1evated plasma PLP 

concentrations were 1ess often observed in patients with each tumour type 

but were still common1y seen in association with breast cancer (Table 2) 

Bane scans were obtained in 41 patients with ma1ignancies of various 

types (Table 3). In this subset, PLP concentrations in hypercalcemic 

patients were again significantly higher than were PLP concentrations in 

normocalcemic patients (Table 4). Neither serum calcium values nor PLP 

concentrations were si gnificantly different between pat ients wi th and 

without evidence of ske1eta1 metastases in either hyperca1cernic or 

normocalcemic sub-groups. 

In one patient with squamous carcinoma of the ethmoid sinus 
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reduction of serum calcium with saline hydration. furosemide and 

mithramycin was unac(ompanied by a significant alteration in PLP 

concentration (Fig. 3A). In two patients with breast adenocarcinoma PLP 

concentrations fell concomitant with tumour cytoreducti n and serum 

calcium concentrations declined in parallel (Fig. 38 and 3e). 

Heterogeneity of Circulating Immunoreactive PLP 

The pattern of circulating immunoreactive PLP in the plasma of two 

patients with breast adenocarcinoma and hypercalcemia was examined using 

gel-filtration analysis (Fig. 4). The predominant immunoreactive form in 

both cases eluted close to the void volume. The molecular weight of this 

moiety (A). based on its Kd, was estimated as greater than l~.OOO daltons. 

Additional small molecular weight immunoreactivity (S) of approximately 6-

7000 daltons was observed in each case. 

Discussion 

Previous studies have documented PLP production by malignancies and 

have demonstrated PLP in conditioned medium from tumors maintained in cell 

culture. Our studies provide direct evidencp for the presence of PLP in 

the circulation of patients with malignancy. the highest concentrations 

being measured in those patients with hypercalcemia. Studies in which 

marked decreases in circulating PLP occurred as tumor mass was reduced by 

chemotherapy provided evidence in support of the tumor-derived origin of 

this mat.erial. Reductions in serum calcium by means other than anti­

neoplastic therapy produced no significant change in plasma PLP Inasmuch 

as only two control subjects had detectable PLP with this immunoassay. the 
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maj ority of normal individuals must have circulating levels, if any, 

clearly below 0.15 ng/ml. The inability to detect circulating 

concentrations in the vast majority of control subjects does not diminish 

the value of the PLP immunoassay as a tumor marker but, in fact, may 

facilitate the interpretation of easily detectable concentrations as 

abnormal Indeed, immunoreactive ca1citonin gained widespread utility as 

a clinical tumor marker for medullary thyroid carcinoma (31) even before 

suitable radioimmunoassays capable of definitively measuring normal 

concentrations were developed. As with calcitonin, the presence of an 

elevated PLP level must be interpreted in conjunction with the clinical 

setting, since both peptides may be elevated in malignant or non-malignant 

disorders A more sensitive radioimmunoassay might demonstrate elevated 

PLP concentrations in a larger percentage of patients with cancer and also 

more readily detect PLP levels in normal subjects. If PLP functions 

physiologically as a growth and/or differentiation factor with an 

autocrine or paracrine mode of action (14,16,32) mean normal circulating 

levels would remain undetectable even with a highly sensitive assay. 

In previous studies employing a cytochemical bioassay for PTH (12) 

we and others (33) docurnented the presence of elevated PTH-like 

bioactivity in the circulation of patients with malignancy and 

hypercalcemia. The present study confirms and extends those results using 

a specifie radioimmunoassay based on the known amine acid sequence of PLP. 

Our gel chromatographie data indicate that heterogeneity of circulating 

PLP occurs Analyses of cloned cDNAs (17-20) and of the gene encoding PLP 

(34,35) have predicted the existence of molecular PLP forms of 139, 141 

and 173 amino acids, each being biosynthesized as a precursor extended at 
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the amino-terminus. The major immunoreactive material in our studies was 

found to be of high molecular weight, consistent with the presence of on~ 

or more of these species, or precursor forms. and/or of protein-bouud 

moieties in the circulation. The aim of the present gel filtration studips 

was not to precisely identify this high molecular weight material but ta 

determine whether heterogeneity of amino-terminal lmmunoredctivt' PLP 

occurs in the circulation. In the present studies smaller molecular weighr 

amino-terminal i~nunoreactivity was also detected in the plasma of 

patients with malignancy. Small molecular weight entities with PTH-like 

bioactivity have previously been identified in tumor tissue extracts (8) 

and in condi tioned medium of cul tured tumor ce 11s (15) Furthermore. 

multiple circulating forms, including sorne of smaU molecular we 19ht, were 

observed by us in our earlier analyses with the cytochemical bioassay 

(12). The heterogeneity observed in those studies was somewhat greater 

perhaps due ta the higher sensitivlty of the bioassay In view of the faet 

that struc ture - function studies have demonstrated PTH - li ke 

bioactivity resides in amino terminal fragments (21-26), bath large and 

sma1l molecular weight immunoreactive material may contribute to the sum 

of circu1ating bioactivity but with differing potencies. The precise 

chemiea1 nature of the circulating amino-terminal PLP forms and their 

biopotencies remains to be elucidated in future studies. 

Despite the fact that the concept of a PTH-like endocrine mediator 

of malignancy-associated hypercalcemia has classically been associated 

with squamous cell and renal cel1 carcinomas our studies demonstrate the 

association of PLP with a variety of cancer types, most frequently with 

breast carcinoma. Indeed, one of the first specimens of purified PLP 
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suitable for sequencing was extracted from a breast cancer (14). Our 

resul ts are cons istent with reports of increased urinary cyclic AMP 

excretion (2,3) and abnormalities in renal calcit~ and phosphate handling 

(7) in patients with carcinoma of the breast and hypercalcemia, suggesting 

the presence of a humoral factor with activity similar to that of PTH. 

Furthermore, our results extend the recent finding of PLP production by 

hyperplastic (lactating) mammary tissue (36) to PLP over-production by 

neoplastic mammary tissue. Hypercalcemia was shown to correlate with PLP 

concentration whereas the presence or absence of skeletal metastases did 

not. These findings are in agreement with previous reports stating that 

hypercalcemia was more likely due to tumor production of a humoral factor 

with PTH-like activity with respect to bone resorption, renal phosphate 

threshold and renal calcium handling than to focal skeletal metastases 

(4,6). Consequently, PLP as a pathogenetic factor in maligancy-induced 

hypercalcemia may be more widespread th an previously anticipated, and 

endocrine mechanisms associated with increased PLP may contribute ta the 

development of hypercalcemia even when localized skeletal resorption 

occurs. 

Reductions in circulating PLP commensurate with chemotherapy 

correlated with a decline in serum calcium in two patients with breast 

cancer and hypercalcemia. These observations, taken together with previous 

evidence of the capacity of synthetic fragments and analogues of PLP to 

increasc serum calcium in animals via skeletal and renal mechanisms (21-

25) and the reported capacity of injected antiserum raised against PLP to 

partially reduce twnor induced hypercalcemia in nude mice (37), a11 point 

to a maj or ra le for PLP in the pathogenesis of malignancy- induced 
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1 hypercalcemia. Nevertheless, in our current study, a number of cases of 

malignancy were associated w{th elevated PLP concentrations even in the 

absence of hypercalcemia. These results are consistent with previous 

findings of elevated nephrogenous cyclic AMP excretion in patients with 

malignanc ies in the absence of hypercalcemia (3,38) Consequent ty counter­

regulatory mechanisms may maintain normocalcemia in these patients hut be 

absent or insufficient in those patients developing hypercalcemid. 

Alternatively, increased circulating immunoreactive forms of lesser hio­

potency may occur in plasma of cancer patients who remain normocalcemic 

Gel filtration analysis of rnolecular forms of PLP in the plasma of cancer 

patients who are normocalcemic will be required for comparison wlth 

profiles seen in the presence of hypercalcemia ta clarify rhis issue. 

Finally, increased circulating PLP may contribute to, but not he 

sufficient for, induction of hypercalcemia. Thus, a variety of cytokines 

and growth factors have been implicated in the development of 

hypercalcemia associated with malignancy (9) and our studies do not 

exclude a role for these agents as part of a multifactorial pathogenetic 

pathway. PLP concentrati ons were found to be augmented in severa t 

patients with primary hyperparathyroidism due to adenomas, and in sorne 

cases of chronic renal failure witl secondary hyperparathyroidism. Recent 

studies have documented the presence of rnRNA encoding PLP in parathyroid 

adenomas (39), and our current findings suggest that such adenomas rnay co­

secrete bath PLP and PTH. The occasional presence of a second circulating 

hypercalcemic agent in primary hyperpararhyroidisrn may explain the 

relatively low concentrations of immunoreactive plasma PTH sometimes 

measured in this disorder. This emphasizes the need to consider 
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concentrations of both peptides in hyperparathyroid states especially 

inasmuch as our previous studies in animais indicated that IN VIVO, 

interaction of these two peptides at receptor sites rnay occur (23). 

Finally, the biological consequences of elevated PLP in urernia remain to 

be determined. The observation that only a sub-set of functionally 

anephric patients rnanifested increased circulating PLP concentrations 

indicates that increased production rather th an simply dirninished renal 

clearance was the predominant determinant of those elevated levels. Having 

now established that amino-termin.L PLP circulates in sorne patients with 

renal faiture, the possibility of this factor contributing to renal 

osteodystrophy appears ta be a fruitful area for further exploration. 
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Table 1. Distribution of PLP according to cancer type. 

Type Number Number wi th t PLP % 

Breast 31 12 19 

Squamous a 20 6 30 

Renal cell 1 1 100 

Colo-rectal 10 3 JO 

Lung (non-squamous)b 9 1 11 

HematologicC 30 4 13 

Miscellaneousd 11 3 27 

Total 112 30 27 

a Includes squamous cell carcinoma of head and neck (11), lung (1), 
esophagus (1) and cervix (5). 

b 

d 

Includes small (6) and non-smal1 cell (3) types. 

Includes B-cell (16), T-cell (2) and unclassified (3) lymphomas, 
chronic leukemias (2) and myelomas (7). 

Includes pancreatic (1), ovarian (1), medullary thyroid (1), 
melanoma (2), neural (2) and primary site unknown (4). 
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f Table 2. Distribution of elevated PLP in cancer types vith 
.~ elevated or normal calciua 

Hyperca1cemic No rmocalcemic 

Type Occurrence PLP Occurrence PLP 
ng eq/ml ng eq/ml 

cases % mean±SEM cases % mean±SEM 

Breast 6/10 60 0.6l±O .17 6/21 29 0.39±0.08 

Squamous 5/10 50 1.05±O .43 1/10 10 0.25±0.OS 

Renal cell 1/1 100 0.83 

Colo-rectal 2/5 40 o .61±O. 25 1/5 20 0.33±0.11 

Lung (non - squamous) 1/3 33 0.83±O.52 0/6 0 

Hematologie 2/6 33 o .42±O .16 2/24 8 0.33±0.09 

Miscellaneous 2/3 67 l. 59±1.05 1/8 13 o .43±0. 21 
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1 Table 3_ Tumor types in patients with bone scans 

Turnor Type Metastases No Metastases 

Breast 13 7 

Squarnousa 3 5 

Renal cel! 0 1 

Lung (non - squamous) b 0 3 

HematologicC 6 3 

Total 22 19 

a Includes squamous cell carcinomas of the head and neck (6), 
lung (1) and esophagus (1) 

b Includes small (2) and non-small cell (1) types 

c Includes multiple myeloma (6) and lymphoma (3) 
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Table 4. PLP values and calciUII values in patients vith bO.ne scans 

Hypercalcemic Normocalcemic 

Serum calcium Plasma PLP Serum calcium Plasma PLP 
mM/L ng eq/ml mM/L ng eqjml 

mean±SEM mean±SEM mean±SEM mean±SEM 

All scans 3.14±O.16 O. 9l±O. 29 2.24±O.O3 o. 33±O. 07 a 

Positive scans 3 .06±O.17 l. 04±0. 56 2.24±0.OS O. 2S±O .04 

Negative scans 3.21±O.26 O.79±0.29 2. 2ldO. 05 o .41±0.1:\ 

pb 

a 

b 

NS NS NS NS 

Significantly different from plasma PLP in hypercalcemic patients 
p <0.05 

p values for differences between groups with positive compared 
with negative scans 
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Figure 1. Inhibition of binding of 125I -[TyrO]hPLPl-34) to a rabbit 
antiserum raised against hPLP(1-34) by hPLP(1-34) (e), [Tyr· JhPLP(l- 34) 
(0), [Tyr34] hPLP(1-34)(O), hPTH(l-34)(.), and hPTH(l-84) (0) Also 
depicted is inhibition of binding by 300 ul, 150 ul and 75 ul of plasma 
from a patient with adenocarcinoma of the breast and hypercalcemia ( ) 
Each point is the mean of three individual determinations which varied hy 
less th an 7 percent from the mean. D represents the detection 1 imit of the 
assay which was 0.15 ng eq PLP-(1-34)jml. Detaiis of the radioimmunoassay 
are provided in Methods. 
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Figure 2. Concentrations of immunoreactive (i)PLP(~) and of iPTH(~) in 
the plasma of control subjects and in patients with cancer and 
hypercalcemia (tCa++), cancer and normocalcemia (-+Ca++), primary (1 0

) 

hyperparathyroidism (HPT) and secondary (2°) HPT. Sarnples with an 
undetectable level were assigned a value equal ta the detection limit of 
the assay (D) Each bar represents the mean ± SEM "f' concentrations in 
each group. Total plasma calcium (Ca++) in the same groups lS shown in the 
inset. PLP, PTH and calcium values were determined as described in 
Methods Serum albumin and total protein values were within normal limits 
in each subject in whom plasma calcium was determined. Significant 
difference from control * p<O.OS ** p<O.Ol and *** p<O.OOl. Significant 
differenee from -+Ca++ •• p<O. 02 . Cale ium leve ls were significantly higher 
than control in tCa++ and 10 HPT, were not different from control in -+Ca++, 
and were significantly lower than control in 20 HPT. 
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Figure 3. Plasma iPLP(e) and calcium(D) concentrations ln a patient 
with squamous cell carcinoma of the ethmoid sinus treated only with 
saline, furosemide and mithramycin for control of hypercalcemia (panel A) 
and in two patients with breast adenocarcinoma metastatic to the liver 
(panels Band C) treated with chemotherapy Each value 15 the mean ! SEM 
of triplicate determinations In patient B, serum CEA fel1 from Y01 ng/ml 
to 33 ng/ml and serum GGT from 1566 SI units/L ta 253 SI unlts/L during 
three weeks of intermittent mitomycin C and mitoxantrone chemotherapy In 
patient C, seruml CEA fell from 541 ng/ml ta 9.5 ng/ml and serum GGT from 
327 SI units/L ta 22 SI units/L during fort y weeks of intermittent courses 
of cyclophosphamide, adriamycin and 5-fluorouracil therapy Bath patients 
recelvlng chemotherapy, therefore, displayed substantial biochemical 
evidence of a reduction in tumour mass concomitant with decreases in 
plasma calcium and plasma PLP 

66 

--------------------------------------



1 

l 

·r ... ;; ;:; ... .". :! .::::; 
'" 00 

M co = 
M '""' 

:i::E x %X :I: -= 1- Vs VI) ........ ..... 1- v~ Vo ~o: 
..... 

W 
t>-t>- "- U t>-

f, • •• + • • • ... + .. + 
A 
• 

A 

B 

• fI 
1 · 

A ~~ JL-----r-l---=-r-e 1 ----r---=-~___,_. \-=-.\ ---T-----, 

• 1 
l 

40 50 60 10 20 30 40 50 60 
FractiOr num ber 

Flgure 4. Gel filtration profiles of immunoreactive PLP after 
chromatography ,.n Bio-Ge 1 P-100 of 3.0 ml of plasma from each of two 
patients with breast carcinoma and hypercalcemia Vertical arrows from 
left to right denote respectively the elution position of the void volume 
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Figure 1. Inhibition of binding of 125I-[TyrO]hPLPl-34) to a rabhit 
antiserum raised against hPLP(1-34) by hPLP(l-3/~)(.) and recombinant 
hPLP(1-141) (0). Each point is the mean of three individusl 
determinations which varied by less than 7 percent from the mean, Binding 
is expressed as a percent of total specifie binding (Bo). 
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CHAPT ER III EFFECTS OF PASSIVE IMMUNIZATION AGAINST PARATHYROID HORMONE-

LIKE PEPTIDE AND PARATHYROID HORMONE IN HYPERCALCIMIC TUMOR-

BEARING RATS AND IN NORMOCALCEMIC CONTROLS 

Preface 

The preceeding work examining circulating concentrations of PLP in 

patients with neoplasia provided strong evidence for a pathogenetic 

role for this peptide in malignancy associated hypercalcemia. In 

addition, identification of elevated levels of PLP in sorne patients 

with hyperparathyroidism suggested co-secretion of PLP and PTH from 

the parathyroid gland. In Chapter III, l present data from passive 

immunization experiments which were designed to assess and compare 

the r~lative roles played by PLP and PTH in the mineraI metabolism 

of both normal rats and rats with malignancy associated 

hypercalcemia. 
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J Abstract 

Passive immunization using antisera raised against rat parathyroid 

hormone-like peptide (rPLP)(I-34) and rat parathyroid hormone (rPTH)(1-84) 

was used to assess and compare the raIes played by PLP and PTH in 

modulating mineraI metabolism in hypercalcemic rats bearing the Rice - 500 

Leydig cell tumor and in normoca lcemic control animaIs. Treatment of 

tumor-bearing rats with antiserurn to PLP resulted in a rapid ilnd susLlÏned 

reversaI of their biochemical abnormalities which was associated with an 

increase in longevity. Reduction of plasma calcium was shown to be a 

function of early (5 h) neutralization of PLP bioactivity in the kidney 

whereas neutralizing effects in bone appeared later (24-48 h) and were 

more prolonged. Immunization of tlormal animaIs with antiserum to PTH 

resulted in a hypocalcemic episode of smaller magnitude and shorter 

duration compared with that achieved in hypercalcemic animals immunized 

against PLP and appeared to be unassociated with neutralization of distal 

tubular effects. Neutralization of proximal tubular and skeletal actions 

of PTH appeared to occur in a manner analagous to that seen for PLP in 

tumor-bearing animaIs but were of shorter duration. These studies suggest 

that in normal animaIs the action of PTH in the skeleton and/or on vi tamin 

D metabolism contributes considerably more than renai transport activity 

to the maintenance of normocalcemia and that compensatory mechanisms 

rapidly restore homeostasis. PTH appears to be the major modulator of 

calcium homeostasLs in normal rats with PLP playing a minor role. if any. 

In tumor-bearing rats. mechanisms to restore calcium levels to baseline 

:-,_e delayed after PLP immunoneutralization and PLP appears to be hoth 

necessary and sufficient for the hypercalcemic state 
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Introduction 

Although a numher of animal models are available for investigating 

the pathogérlesis of malignancy-associated hypercalcemia. the male Fischer 

rat implanted with the Rice-500 Leydig cell tumor is probably the best 

characterized (1,2) and most closely resemb1es the human disorder (3,4). 

Hypercalcemia and hypophosphatemia are associated wi th changes in the 

renal handling of calcium, phosphorus and cAXP (5) and in bone chere is 

increased resorption and decreased formation (2,6). A parathyroid hormone­

like peptide (PLP) recently isolated, cloned and sequenced from hum an 

neoplasms associated with hypercalcemia (7 -9) was subsequently cloned and 

sequenced in the rat using the Rice-500 tumor (l0). The hum an and rat 

peptides are virtually identical from residue 1-113 and share 62% sequence 

homology with hwnan parathyroid hormone (hPTH) in the Urst 13 amino 

acids. These peptides appear to be products of a gene family (11,12). 

Synthetic amino- terminal fragments of PLP, although immunologically 

distinct from PTH (13-15), have been shown to mimic PTH-like bioactivity 

both IN VIVO and IN VITRO (16-19), suggesting a role for the peptide in 

the pathogenesis of the hypercalcemic syndrome in this rat model. 

Peptides, such as transïorming growth factors. have a1so been identified 

as possible contributory agents in the pathogenesis of the hyperca1cemia 

associated with the Leydig tumor model (20,21). Previous studies using 

nu de mice implanted wi th human tumors associated with hyperca1cemia 

(13,22-24) have demonstrated the presence of PTH-like bioactivity. 

Treatment of those mice with antiserum against PLP transiently reduced the 

serum calcium levels in some animaIs (13). Consequently, although those 

studies demonstrated that PLP was of major importance in the pathogenesis 
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1 of malignancy-associated hypercalcemia, the y may not have exc1uded the 

presence of other contributory factors in the hypercalcemia assoc iatee! 

wi th that model. 

In the present study we have used the hypercalcemic, Leydig tumor-

bearing rat as well as normocalcemic, non-tumor-bearing rats ta evaluate 

the effec t of passive immuni zation on biochemical indices of mineral 

me tabolism. Antisera raised against synthetic rPLP (1- 34) and synthetic 

rPTH(1-84) were employed to examine and compare the roles played by 

endogenous concentrations of PLP and PTH as regulatory factors. 

Materials and Methods 

Antisera 

Polyclonal antiserum (5084/4) ta PLP (anti-PLP) was raispJ in New 

Zealand white rabbits ta synthetic rPLP(l-34) (Armand Frappier Institute, 

Montreal, QC, Canada). Animals were immunized at multiple (8-10) sites, 

subcutaneously at four week intervals and bled ten days after each 

immunization. The antiserum employed was obtained after the four th boost. 

polyclonal antiserum (RSl) to PTH (anti-PTH) was raised in New 

Zealand white rabbits ta synthetic rPTH(l-S4) (Bachem lnc., Tor.rance, CA) 

using the same protocol as for PLP. Antiserum obtained on the second boost 

was employed for this s tudy. 

Normal rabbi t serum (NRS) was obtained prior to commencement 0 f the 

PLP immunization protocol. Characterization of binding of the two antisera 

were determinE·d by radioimmunoassay as previously described (15). ln 

brief, increasing concentrations of rPLP(l- 34) and rPTH (1- 34) were 
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incubated with either antiserwn 5084/4 (final dilution l \),000) and 1251-

labe1ed (TyrO] rPLP(1-34) as tracer or with antiserwn R5l (final dilution 

1:18,000) and 125I-labeled rPTH(1-84) as tracer. Phase separation was 

performed with dextran-charcoal (15). 

Intact Cell Adenylate Cyclase 

Adenylate cyclase assays were performed using UMR 106 cel1s as 

described previously (17). Confluent cells in 24 weIL cluster plates were 

incubated for 2 h with 0.5 uCi/well (JH] adenine, washed twice with Hank's 

Balanced Salt Solution and incubated with peptides pre- treated for 45 min 

at room temperature with normal rabbit serum or antiserum dil11ted 1: 1000 

with MEM/HAN}~S (Gibco Labs. Grand 151. N.Y.). 10 min incubations were 

carried out at room temperatllre in 0.5 ml MEM/HANKS containing 0.1% BSA 

and l.0 mM 3-isobutyl-l-methylxanthine (Sigma Chem. St.Louis Mo). The 

reaction was stopped by aspiration of the medium and immediate addition of 

0.5 ml of 10% trichloroacetic acid. Approximately 3000 cpm l 14CjcAMP were 

added in a carrier solution and [3H]cAMP formed was isolated from other 

cyclic rn~leotides by the method of Salomon et al. (25) 

Animal Protocols 

Male Fischer 344 rats (Charles River Breeding Laboratories, 

Wilmington, MA) weighing 200-220 gms (10 weeks of age) were used in all 

studies. Animals were housed individua1ly and maintained on tap watQr ad 

libitum and standard rodent chow (Rat chow #5012, Ra1ston Purina Canada 

Inc., Lasalle, QC) containing 1% calcium and 0.74% phosphorus. Urine 

collected over 4 h periods from animals having access only ta 2% dextrose 
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t was s tored wi th 50 ul 6N HCL/5 ml urine to ensure s tabili ty of cAMP. Blood 

samples (from the caudal artery) were collected into heparinized tubes at 

the end of the urine collection at the time of implantation of the P.ice-

500 Leydig ceU tumor (CONTROL), between 14 and 17 days post implantation 

(TIME 0) and at 5, 24, 48, 72, 96 and in some instances 144 h following 

treatment. Untreated, hypercalcemic animals were sacrificed at the 24 h 

time point while those treated with PTH antiserum or normal rabbit serum 

were exsanguinated at 48 h. Animals treated with PLP antiserurn were 

sacrificed at either 96 or 144 h post treatment. Untreated hypercalcemic 

animais, if not sacrificed, expired 24 to 72 h after Time O. AIl plasma 

and urine samples were stored at - 20C until the time of analysis. 

The Rice-SOO Leydig cell tumor was obtained from the National Cancer 

Institute Breast Cancer Task Force Bank (EEG Mason Research Institute, 

Worcester, MA). Tumor was minced in normal saline to give a suspension of 

1 part tumor:l part saUne. Tumor suspension (0.2 ml) was then injected 

into thf:' left flank of each test animal. Control animaIs were weight 

matched and maintained under identical conditions. 

Using a 23 g needle, 0.6 ml of undiluted antiserum to PLP, antiserum 

to PTH, or normal (abbit serum was injected into the internal jugular vein 

of lightly anesthetized rats. 

Analytlcal Hethods 

Plasma and urinary calcium and magnesium levels were determined by 

atomic absorption spectrophotometry (Perkin Elmer, Model 703). Plasma 

phosphate, plasma alkaline phosphatase, urinary phosphate and urinary 

creatinine were detennined by autoanalyser (Technicon Lahoratories, New 
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1 York, NY). Urinary cAMP was assayed by RIA using the Am~rsham cAMP [125) 

assay system (Arnersham International Pk, Amersham, U. K. ). Insufficient 

plasma sample was available for determination of magnE'Sillm or 1,25 

dihydroxyvitamin D (l,25(OH)2D3) concentrations. 

Stati.stical Analysls 

AH resu1ts are expressed as the mean±standard error of mean (SEM) 

and statistical comparisons are based on a one-way analysis of variance 

(ANOVA) using a Bonferroni adjustment where appropriate (26). 

Results 

Characterization of Antisera 

Direct binding studies demonstrated that antiserum 5084/4 raised 

against synthetic rPLP(1-34) bound the NH2 terminal region of PLP but not 

PTH and that antiserum R5l raised against synthetic rPTH(l-84) bound the 

NH2 terminal region of PTH but not PLP (Fig. 1). 

At a dilution of 1:1000, antiserum raised against synthetic rPLP(l-

34) was capable of a 20 to 25-fold inhibition of rPLP(1-34) stimu1ated 

adeny1ate cyc1ase activity but had no effect on rPTH( 1-34) stimu1ated 

activity in UMR 106 ceUs (Fig. 2, panel A). Similarly, antiserum raised 

agains t rPTH (1- 84), at a dilut ion of 1 : 1000, had a 20 to 25- fo 1d 

inhibitory effect on rPTH(l-34) stimulated activity but not on rPLP(1-34) 

stimulated adenylate cyclase activity (Fig. 2, panel B). 

Effects of Immunization Against PLP in Hypercalcemlc Rats 
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l Following transplantation with the Rice - JOO tumor, animal:> continued 

to gain weight and showed little change in biochemical indices for 10-14 

days. After this time they became hypercalcemic and hypophosphatemic (Fig. 

3, panel A) and, if left untreated, rapidly became moribund and died 

(Table 1). Hypercalcemic animals treated with a bolus dose of antiserum to 

PLP showed a significant decrease in plasma calcium, accompanied by arise 

in plasma phosphate, by 5 h following immunization. The decline in body 

weight was retarded and plasma calcium decreased into the normal range and 

remained normal for 3 days during which time alkal ine phosphatase levels 

rose (Fig. 3. panel B). These animals continued to live beyond the mean 

survival time of untreated i.::,rperca1cemic rats, their mean plasma calc.ium 

1evels at the time of sacrifice remaining lower than the final values 

obtained in untreated rats (Table 1). 

The early changes in plasma calcium and phosphate were accompanied 

by reciprocal changes in urinary calcium and phosphate, i. e. increased 

calcium excretion and decreased phosphate excretion, in association with 

a reduction in urinary cAMP (Fig. 4, panel B). Urinary calcium was 

maintained at a low level from 24-144 h post- immunization while phosphate 

and cAMP excretion returned to pre- immunization levels and remained at 

those levels up to 96 h. Urine phosphate rose thereafter. In contrast, in 

untreated animaIs no such reductions of calcium, phosphate and cAMP in the 

urine occurred (Fig. 4, pane l. A). 

Comparison of Treatment with anti-PLP to treatment vith anti-PTH or NRS in 

Hypercalcemic and Normocalcemic Rats 

Biochemical parameters in normocalcemic, control rats and in 
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1 hypercalcemic, tumor-bearing rats were examined following injections of 

anti-PLP, anti-PTH or NRS. 

In control rats. a moderate and transient decrease in plasma cale ium 

was observed after treatment wi th anti - PTH. No chAnge was observed in 

plasma calcillm after anti-PLP or NRS treatment (Fig. SA). In contrast. 

tumor-bearing rats sustained a much greater and more prolonged reductioll 

in plasma calcium following treatment with anei-PLP whereas no such 

reduction in plasma calcitun was observed in anti-PTH and NRS tt'eated 

animals (Fig. SB). Reductions in urinary calcium excretion were seen in 

aIl control animaIs following treatment, however, greater reductions were 

observed jn the anti-PLP and anti-PTH treated animaIs compared with NRS 

treated rats (Fig. SC). Turnor-bearing rats treated with anti-PLP 

dernonstrated a significant increase in renal calcium excretion by 5 h 

followed by a sustained decrease in urinary calcium. In contrast, 

treatment with either anti-PTH or NRS resulted in an immediate decrease 

followed by arise to pre-immunization levels of calcium excretion (Fig. 

SD). There was an increase in urine magnesium (Fig. 6) similar to that 

seen in urinary calcitun (Fig. SD) at 5 h post treatment with anti-PLP in 

tumor-bearing rats. 

Plasma phosphate was transiently increased above the normal range by 

treatment with anti-PTH in control rats (Fig. 7A) anrl increased to within 

the normal range by treatment with both anti- PTH and anti - PLP in 

hypercalcemic rats (Fig. 7B). However, while plasma phosphate remalned 

above pre-immunization levels in anti-PLP treated ttunor-bearing animaIs it 

rapidly returned to sub-normal levels in anti-PTH treated tumor-b~aring 

rats. Urinary phosphate (Fig. 7e and 70) and cAMP (Fig. BA and 8B) 
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t excretion decreased in control animais in response to anti-PTH and in 

tumor-bearing animais in response to anti - PLP. 

Discussion 

We have examined the effects on biochemieal indices of minerai 

homeostas is of passive immunization with antiserum to PLP and with 

antiserum ta PTH in rats bearing the Riee-SOO Leydig cell turnor and in 

normocalcemic control rats. Despite substantial amino acid sequence 

hcmology within the first thirteen residues of PLP(1-34) and PTH(1-34) and 

the interaction of these peptides at common renal and skeletal receptors 

(17 . 27.26). specifie blocking antibodies were developed. These were found 

to selectiveiy bind PLP and PTH and immunoneutralize PLP and PTH 

stimulation of adenylate cyclase acti vit y IN VITRO with approximately 

equi valent potenci es. \o1hen PLP antiserurn was administered to rats bearing 

the Rice 500 Leydig celi tumor, many of the biochemical abnormalities 

associated with this malignancy were reversed and the longevity of the 

animais was increased. Most dramatic, perhaps, was the normalization of 

plasma calcium which was sustained for several days (Figs 3B, SB) . 

Previous studies, using nude mice implanted with human tumors associated 

with hypercaicemia, dernonstrated that passive immunization with PLP 

antiserum reduced the tumor-induced elevation in serum calcium in sorne of 

those mice (13). Our s tudies us ing a different rnodel of malignancy­

associated hypercalcernia therefore confirrn and extend those studies. The 

normalization of plasma calcium concentrations observed in our studies 

foilowing treatrnent wi th PLP antiserum appears to indicate that PLP per se 

is both necessary and sufficient as the rnediator of abnormal calcium 
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1 homeostasis in this model of tumor-induced hypercalcemia. Thus. <lI1y l'oIE' 

for other factors, such .?s transforming growth fac tors. in the maintenancE' 

of hypercalcemia in this disordf!r would seem to be secondary to tht> 

effects of circulating PLP, perhaps as local mediators or modulators of 

the actions of PLP in its target tissues of bone and kidn('y Tlwse issues 

await further investigatlon. 

In our studies the earliest effect of PLP immunoneutral izatlon W,lS .ln 

augmentation of urinary calcium and magnesium excretion which coincided 

with a rapid decrease in plasma calcium. This undoubtedly reflects the 

well-documented influence of PLP on enhancing renal tubular cal..: lum 

reabsorption in a manner analogous to that of PTH (17-19) Magnesium in 

the kidney may share common distal tubular transport mechanisms wi th 

calcium (29). Consequently it was of interest to observe a small early 

increase in magnesium excretion in tumor-bearing animals passively 

immunized with PLP anti.serurn, which coincided with augmented calcium 

excretion. The l'ole of the kidney in the development and maintenance of 

hypercalcemia in the rat Leydig cell tumor model is attested to by the 

observation that hypercalcemia precedes hype calciuria (1.30) and by the 

finding that Leydig tumor-bear lng rats tr"!ated wi th WR- 2 721, an inhibi tor 

of tubular calcium reabsorption, sustain a rapid reduction in plasma 

calcium associated with an early increase in urinary calcium excretion 

(31). Considering the qualitative and quantitative similari:'-y in the renal 

handling of calcium in rats and humans (32) and clinical observations 

t documenting early involvement of the kidney in the development of 

\l-
f .. 
!. 

malignancy-associated hypercalcemia (33,34), renal mechanisms appear to 

1 1 { 
~. 

play an important role in rumor- induced hypercalcemia in bath the rat 

79 

l 



1 

f 

Leydig tumor mo'le 1 and in the human disorder. Our studies demonstrate that 

the mediator of these renal effects, at least in the rat model, is PLP 

Following the initial augmentation of renal calcium excretion, 

urinary calcium decreased in tumor-bearing rats passively immunized with 

PLP antiserum. In view of the fact that plasma calcium levels did not 

increase, the reduced urinary calcium excretion was almost certainly the 

result of a reduced filtered load of calcium. This was mast likely 

consequent to diminished efflux of calcium from the skeleton but may have 

also been due to reduced l. 25 (OH) ZD3 production. Thus infusion of PLP into 

chyroparathyroidectomized rats is known to increase 1,25(OH)2D3 (16), and 

Leydig tumo' 'oearing rats are known to have high circulating levels of 

l, 2~ (OH)203 (2), in contrast to the low levels found in humans with 

malignancy-associated hypercalcemia (3,35). 

The apparent inhibition of PLP-induced skeletal action was 

sustained for sorne time. The elevation in p~asma alkaline phosphatase 

which occurred during this interval may have represented an attempt at 

bone repair and reflected cessation of the marked inhibition of bone 

formation which has been noted in malignancy-associated hypercalcemia 

<2,3,6) The important role of the skeleton in the maintenance of 

hypercalcemia in both rat (30) and human malignancies (36) has been well­

documented. Our findings implicating PLP in the maintenance of 

hypercalcemia via skeletal action are, therefore, consistent with studies 

attributing a central role to PLP in stimulating osteoclastic bone 

resorption (18) and producing hypercalcemia in thyroparathyroidectomized 

rats tbrough skeietai as weIL as renal mechanisms (37). 

The influence of endogenous PLP on renal function in the Leydig 
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1 tumor-bearing rats was also manifested by reductions in urinary phosphate 

and cAMP excretion following injection with PLP antiserum The cAMP effect 

was also previously noted in passive immunization exper lme\'ts il'. nude mict' 

implanted with human tlunors associated with hypercalcemia (13). The 

decrease ln renal phosphate excretion observed in our studies was 

associated with an early increase in plasma phosphate (followed bv él 

decline suggesting neutralization of PLP-induced skeletal mobilization of 

phosphate). By 144 h after immunization the reappearance of PLP - induced 

phosphaturia undoubtedly contributed to the further decline in plasma 

phosphate. 

In contrast to the effects of passive immunization with PLP 

antiserum, immunoneutralization of PTH produced little or no effect on the 

biochemical parameters measured in Leydig tumor-bearing rats including 

plasma calcium concentrations and urinary excretion of phosphate, cAMP and 

magnesium. Transient effects on urine calcium and plasma phosphate 

appeared to occur, which could possibly reflect the presence of low 

circulating concentrations of non calcium- suppress ible PTH. Howeve r, "lTH 

is unlikely to play a significant role in the biochemical abnormalities 

observed in these animaIs. 

In normal animaIs, passive immunization with PTH antiserum resulted 

in reductions in plasma and urinary calcium, an increase in plasma 

phosphate, and concomitant decrease in urinary phosphate and eyc 1 le AMP 

excretion. These effects were the same as those observed after passive 

immunization of Leydlg tumor-bearing rats with PLP antiserum, refleeting 

the similar spectra of bioaetivities of PTH and PLP. However, the 

magnitude and duration of the effects of immunoneutralization of PTH were 

81 



,1 

f 

, 

generally less than were those following ant:i-PLP treatment. In the normal 

rat this could in part have reflected rapid homeostatic adjustments 

involving a calcium-mediated increase in PTH secretion which overwhelmed 

the binding capacity of the antiserum. In contrast, no rapid restoration 

of the baseline calcium concentration occurred in the tumor-bearing rats, 

suggesting that plasma cal cium is not a modulator of PLP secretion in 

Leydig cell tumors, but rather that these tumors secrete PLP 

consti tutively or in response to other medi ators. Consequently, the 

effects of PLP immunoneutralization would appear to be more slowly 

reversible in the tumor-bearing model where compensatory mechanisms would 

be deficient In addition to these quantitative differences, a qualitative 

difference in the renal handling of calcium was demonstrated. The early 

augmentation of urinary calcium and magnesium excretion following PLP 

neutralization in Leydig tumor-bearing rats was absent in normal rats 

treated with anti-PTH suggesting that PTH-mediated reabsorption in the 

ascendi ng limb and di stai tubule is of lesser importance in normal calcium 

homeos tas i5. The delayed reduction in plasma calcium in these animaIs was 

presumably due to an effect on the skeleton and/or on 1,25(OH)ZD3 

produc tian, indicating that the maj or component of extracellular fluid 

calcium control may reslde in skeletal and/or vltamln D-medlated events 

rather than in renal transport effects of PTH 

PLP immunoneutralization in normal animaIs resulted only in 

slgnificantly decreased urinary calcium concentrations. Aithough effects 

on other parameters may have been obscured by rapid homeostatic changes 

fol1cwing injection of PLP antiserum, it seems more likely that PLP plays 

Httle role in modulating mineral metabolism in the normal adult rat. 
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1 These studies 1 therefore 1 point to the central ro le of PLP in the 

maintenance of malignancy-associated hyperc.ücemia through rt'nal and 

skeletal rnechanisms and show that of the PLP/PTH family of peptides, the 

major modulator of normal calcium horneostasis in adult rdts is PTH In 

addition. these studies indicate di fferential mech,ln lsms ot ca le ium 

regulation may be utilized by these peptides in the modulation of normal 

calcium rnetabolism versus malignancy-associated hypercalcernia 
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Table 1. Surviva1 of Leydig tumor-bearing rats following development of 
hyperca1cemia 

-PLP Antiserum +PLP Antiserum 

Rat Daysa Ca (mM)b Daysa Ca (mM)b 

1 3 3.94 6 2.56 

2 1 3.83 4 3.00 

3 3 3.51 6 3.00 

4 1 3.69 6 3.63 

5 2 3.30 6 3.12 

6 2 3.27 6 2.97 

7 1 4.66 6 2.97 

8 1 3.69 6 3.14 

9 2 3.44 6 3.11 

MeaniSEM 1. 81:0.3 3.70±0.1 5. 8±0. 2c 3. 05±0. 0ge 

a 

b 

c 

Survival in days of treated (+PLP antiserum) versus non-treated 
(-PLP antiserum) rats following development of hypercalcemia. 

Plasma calcium values are those obtained within 24 h of expiration 
of the non-treated animals and at the time of sacrifice of the treated 
animals. 

p<O.Ol compared with non-treated animaIs by Student's t-test. 
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Figure 1. Panel A: Inhibition of binding (B) of 125 I -labeled 
(Tyr01rPLP(1-34) to rabbit antiserum 5084/4 [raised against rPLP-(1-34)J 
by rPLP(l-34) (4t) and rPTH(l-34) «). Panel B: Inhibition of binding of 
l25I-labeled rPTH-(l-84) to rabbit antiserum R5l [raised against rPTH(l-
84)] by rPTH(l-84) (À) and rPLP(l-34) (t::.). Initial binding (Ba) to 
antiserum 5084/4 was 30% and to antiserum RSl wa5 29%. Each point i5 the 
mean of duplicate determinations which varied by less th an 8% from the 
mean. Details of the radioimmunoassay are provided in Materials and 
Methods. 
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Figure 2. Effect on adenylate cyclase activity of increasing 
concentrations of rPLP(l- 34) (panel A) pre- incubated with NRS (~), anti­
PLP <e) or anti-PTH (6,) and of increasing concentrations of rPTH(1-34) 
(panel B) pre-incubated with NRS (0), anti-PLP (e) or anti-PTH (6). 
Adenylate cyclase activity was determined as described in Materials and 
Methods and is expressed as enzyme activity stimulated by each 
concentration of peptide divided by basal activity (fold stimulation above 
basal). Basal activity was lSO±22cpm of [3HlcAMP/lOmin/culture in panel A 
and lOl±26cpm of [3HjcAMP/lOmin/culture in panel B. Each point represents 
the mean±SEM of triplicate determinations. 
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Figure 3. Effect of treatment with anti-PLP (panel R) compared with no 
treatment (panel A) on plasma calcium (Ca, • ), phosphate (P04' tE), 
aklaline phosphatase (AP, m) and body weight ...... ) in hyperc.alcemic, 
tumor-bearing rats. AnimaIs were bled via the caudal artery as described 
in Materials and Methods at the time of tumor implantation (Control), 
illunediately prior to treatment (Time 0) and at 5, 24, 48, 72, 96 and 144 
h post-treatment, Untreated animals were sacrificed at 24 h, Each plasma 
calcium value represents the mean±SEM of determinations in 8-16 animals 
Phosphate and alkaline pho5phatase results are based on the mean±SEM of 4-
10 plasma sample pools Significant differences from Control are 
represented by aD (p<O. Ol) . Significant differences from Time 0 are 
represented by * (p<0.05) and ** (p<O,Ol). Normal ranges for plasma 
calcium, phosphate and alka1ine phosphatase are 2,41-2 65 mM, 2.55-3.49 mM 
and 314-400 international units per L respectively. 
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Figure 4. Effect of treatment with anti-PLP (panel 8) compared with no 
treatment (panel A) on urinary calcium (Ca, mmol/mmol creatinine, "), 
phosphate (P04 mmoljmmol creatinine, [il), cAMP umol/mmol creatinine, ~ ) 
and magnesium (Mg mmol/mmol creatinine, ~) in hypercalcemic, tumor­
bearing rats. Urine collections were made over 4 h periods as described in 
Materials and Methods at the time of tumor implantation (Control), prior 
to treatment (Time 0) and 5, 24, 48, 72, 96, and 144 h post-treatment. 
Results represent the mean±SEM of determinations in 8-16 animaIs. 
Significant differences from Control are repr~sented by c (p<O.OS). 
Significant differences from time 0 are represent.ed by * (p<0.05) and 
** (p<O.Ol). Normal ranges for urinary calcium, phosphate, cAMP and 
magnesium are 0.47-1.43 mmoljmmol creatinine, 2.3-7.0 mmoljmmol 
creatinine, 0.66-1.48 ~mol/mmol creatinine and 2.1-2.7 mmoIjmmo1 
creatinine, respectively. 
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Figure 5. Effect of treatment with NRS (----), anti-PLP (-), and 
anti-PTH (--.--) on plasma calcium in normocalcemic control rats (panel A) 
and in hypercalcemic tumor-bearing rats (panel 8), and on urine calcium in 
control rats (panel C), and in rats with Leydig cell tumor.s (panel D). 
AnimaIs were bled and 4 h urine collections made as described in Materials 
and Methods. Results represent the mean±SEM of determinations in 5 -10 
animaIs and are expressed as percent of Time O. Concentrations of plasma 
calcium at Time 0 in control and in tumor-bearing animaIs were 2 57±O.01 
and 3.31±O.09 mM respectively. Concentrations of urine calcium at Time 0 
in control and in tumor-bearing animaIs were O.85±O.0 07 and O.93±0.21 
lrunol/mmol creatinine respectively. Significant differences from time 0 at 
each time point are represented by * (p<O.OS) and ** (p<O.OI). 
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Figure 6. Effect of treatment with NRS (----), anti-PLP (-), and 
anti - PTH (-.-) on urine magnesium in normocalcemic control rats (panel A) 
and ln hypercalcemic tumor-bearing rats (panel B). Urine collections were 
made as described in Materials and Methods. Results represent the mean±SEM 
of dt!terminations in 5-10 animals and are expressed as percent of Time O. 
Concentrations of urine magnesium at Time 0 in control and in tumor­
bearing animals were 2.39±O.08 and l.57±0.ll mmol/mmol creatinine 
respectively. Significant differences from Time 0 at each time point are 
represented by * (p<O.05) and ** (p<O.OI). 
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Figure 7. Effect of treatment with NRS (--- -), anti-PLP (_), and 
anti-PTH (-.-) on plasma phosphate in normocalcemic control rats (panel 
A) and in hypercalcemic tumor-bearing rats (panel 8), and on urine 
phosphate in control rats (panel C) and in rats with Leydig cell tumors 
(panel D). Animais were bled and urine collections made as described in 
Materials and Methods. Results represent the mean±SEM of determinations in 
5-10 animais and are exp~essed as percent of Time 0 Concentrations of 
plasma phosphate at Time 0 in control and in tumor-bearing animais were 
3.19±0.10 and 2.05±0.10 mM respectively. Concentrations of urine P04 at 
Time 0 in control and in tumor-bearing animais were 5.09±0.44 and 
7.04±0.84 mmol/mmol creatinine respectively. Significant differences from 
time 0 at each time point are represented by * (p<O.OS) and ** (p<O.Ol) 
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Figure 8. Effect of treatment with NRS (----), anti-PLP (-), and 
anti-PTH (--t--) on urine cAMP in normocalcemic control rats (panel A) and 
in hypercalcemic tumor-bearing rats (panel B). Urine collections were made 
as described in Materiais and Methods. Results represent the mean±SEM of 
determinations in 5-10 animaIs and are expressed as percent of Time O. 
Concentrations of urine cAMP at Time 0 in control and in tumor-bearing 
animals were 1.07±O.08 and 1.04±0.08 umoljmmol creatinine respective1y. 
Significant differences from Time 0 at each time point are represented by 
* (p<O.OS) and ** (p<O.Ol). 
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Cl~PTER IV DYSREGUIÂTION OF PARATHYROID HORHONE-LIKE PEPTIDE EXPRESSION 

AND SECRETION IN A KERATINOCYTE MODEL OF TUMOR PROGRESSION 

Preface 

The observations made in Chapters II and III were consistent with d 

pathogenetic cole for tumor derived PLP in the hypercalcemia Dt 

malignancy. The frequent association of squamous cell cancer with 

hypercalcemia and high circulating levels of PLP suggested 

overproduction of PLP by those tumors IN VIVO. As normal 

keratinocytes in culture had been shawn to express and secrete PLP 

in a weIl regulated manner, 1 examined a human keratinocyte mode l of 

tumor progression IN VITRO for evldence of dysregulation of PLP 

production. 
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Abstract 

Using a human keratinocyte model of tumor progression, we have 

examined the regulation of gene expression and secretion of a parathyroid 

hormone-like peptide (PLP) which has been implicated in the pathogenesis 

of hypercalcemia in malignancy. A rapid and transient induction of PLP 

mRNA in response to serum stimulation was demonstrated in both established 

(HPKlA) and malignant (HPKIA-ras) cells, however the dose dependent 

increases were greater in HPKlA than in HPKIA-ras. Significant inhibition 

of this induction wa~ noted with the addition of 1, 25-dihydroxyvitamin 

D [1, 25(OH)203J at a lower concentration in HPKlA than in HPKIA-ras. 

Amino-terminal PLP immunoreactivity and bioact'vity correlated well 

(R-0.98) when measured in conditioned medium. In the absence of mitogenic 

stimuli, malignant keratinocytes (HPKIA-ras) secreted significantly more 

PLP than established (HPKlA) keratinocytes. However, in response to 

increasing concentrations of epidermal growth factor (EGF) and fetal 

bovine serum (FBS) , PLP release was far greater from HPKIA (maximum 13x 

basal) th an from HPKlA-ras (maximum 3x basal) cells In addition, 

1,25(OH)203 was more effective in inhibiting both basal and stimulated PLP 

secretion in HPKIA than in HPK1A-ras cultures. Reduction of extracellular 

Ca·· from 2.0 mM to 0.5 mM appeared to be more effective at an early time 

point in reducing PLP secretion from the established cells compared with 

the malignant cells. These studies therefore demonstrate a progressive 

dysregulation of PLP expression and secretion in hum an keratinocytes in 

the transformation from established to malignant phenotype and may have 

important implications for understanding the pathogenetic mechanisms 

involved IN VIVO in the development of hypercalcemia in malignancy. 

98 

1 



1 
Introduction 

Hypercalcemia is a cammon cause of morbidity and mortality in 

patients harboring malignancy and tumors of squamous epithelial origin 

represent one of the largest sub-groups associated with hypercalcemia (l, 

2). Parathyroid hormone-like peptide (PLP), sharing 62% amine acid 

sequence homology with parathyroid hormone (PTH) in the first 13 residues, 

has been purified, (3-5) cloned and sequenced (6-9) from malignancies 

associated with hypercalcpmia and PLP specifie radioimmunoassays (10-12) 

have identified elevated levels al this peptide in the plasma of 

hypercalcemic patients harboring a wide variety of tumors. Synthetic NH2 

terminal fragments of PLP were shown to bind to the PTH receptor in both 

kidney and bone (13) and when infused IN VIVO mimicked the actions of PTH 

(14). In addition, passive immunization of hypercalcemic, tumor-bearing 

rodents with antisera directed against the NH2 terminus of PLP was 

effective in normalizing plasma calcium (15, 16). Taken together, these 

findings strongly implicate PLP as a pathogenetic agent in the 

hypercalcemia associated with malignancy. Identification of PTH-like 

bioactivity in squamous cell malignancies (17, 18) Led to the examination 

of non-mal ignant hurnan keratinocytes for the presence of this activi ty 

(19) . Normal keratinocytes were shown to secrete a factor with 

parathyroid hormone-like bioactivity which was distinct in size and 

immunoreactivity from native PTH and subsequent studies confirmed PLP 

production by these cells. PLP has been detected in conditioned medium 

(CM) from normal keratinocytes (20) as weIL as in CM from a number of 

other normal and neoplastic cells in culture (21-23). Production of PLP 
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1 
IN VITRO has been reported to be regulated by a variety of agents 

including growth factors and l,25(OH)2D3 (20), cycloheximide (24), 

calcitonin and chromogranin A (25) phorbol esters (26), glucocorticoids 

(27) and extracellular calcium (28.22). Although normal keratinocytes in 

culture secrete PLP in a well regulated manner (20), little i5 known 

regarding the development of PLP overproduction during the process of 

transformation. In the present study, we have therefore used a recently 

developed IN VITRO multistep model for human epithelial ceU 

carcinogenesis (29), to study PLP expression and secretion in established 

and malignant human keratinocytes in culture in response to epidermal 

growth factor (EGF) , fetal bovine serum (FBS) , 1,25 dihydroxyvitamin D3 

(1,25 (OH)2D3) and calcium, factors which have previously been shown to 

influence PLP expression (20) in cultured normal keratinocytes. 

Materials and Methods 

Normal Human Keratinocyte (NHK) and Culture Conditions. Normal human 

keratinocytes were prepared from skin tissue removed during breast 

reduction according to a previously published method (30). Briefly, cells 

were grown in KGM (Clonetics Corp., San Diego, CA) supplemented with 0.15 

mM calcium (the complete medium required for clonal growth of primary 

keratinocytes) and were used on the second or third passage. Cells were 

seeded at a density of 106 cells/well in 6 well cluster plates (Becton 

Dickinson Labware; Lincoln Park, NJ). At 50% confluence, medium was 

replaced with fresh KBM (Clonetics) supplemented with 0.5 ~g/m1 

hydrocortisone (Sigma Chem. Co., St. Louis, MO) and 5 ~g/ml insulin 
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(Sigma) and cultures incubat:ed for 24 h (basal conditions). Medium was 

again replaced with fresh KBM supplemented with insulin, hydrocortisone 

and with 10 ngjml EGF (Sigma) in the absence or presence of 10-8 M 

1,25(OH)2D3' (A kind gift of Dr. M. Uskokovic, Hoffman-LaRoche, Nutley, 

NJ). Conditioned medium (CM) removed 24 h. later \"as processed for 

radioimmunoassay. 

Cell Lines and Culture Conditions: Following transfection with HPVl6 DNA, 

using the calcium phosphatejglycerol shock technique, human keratinocytes 

in culture acquired an indefinite lifespan (> 60 passages) compared with 

control cells transfected with calf thymus DNA which senesced after 6 

passages (31). Southern blol analysis revealed that the immortalized 

HPK1A population had HPV16 ge~omes stably (> 2 yr) integrated at a single 

site within the host DNA. These immortalized cells were neop1astica11y 

transformed into the malignant HPKlA-ras 1ine fo11owing polybrene-induced 

transfer of pSV2ras DNA containing the nec selectable marker (29). 

Geneticin-resistant transformants demonstrated integrated copies of the 

exogenous H-ras gene and expressed high 1eve1s of p21 compared with the 

parental HPKlA cells. Table 1 summarizes Lhe growth and differentiation 

properties of normal human keratinocytes compared with those of the 

immorcalized HPKIA and malignant HPKIA-ras cell Unes. Apart from 

attaining an indefinite lifespan in culture, immortalized cells retained 

many features characteristic of normal keratinocytes, such as contac',:: 

inhibition, production of normal amounts of extracellular matrix proteins 

and development of cell-specific differentiation markers when triggered to 

differentiate by 10ss of contact with substrata. Transformation of these 
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ceUs with an activated H- ras oncogene induced changes associated with the 

acquisition of a malignant phenotype, inc1uding 10ss of contact 

inhibition, co1ony formation in soft agar and production of invasive 

squamous cell carcinomas in nu de mi ce . In addition, the malignant HPK1A­

ras ceUs produced increased quantities of extracellular matrix 

glycoproteins (32) 1 a feature which has been associated wi th inhibition of 

terminal differentiation in human keratinocytes (33). 

Cell lines were maintained as stocks in Dulbecco' s modified eagle 

medium (DMEM) (Gibco Labs; Grand 1s., NY) supplemented with FBS (10%) 

(Gibco), lx antibiotic-antimycotic (Gibco) and passaged once or twice 

weekly. For a11 experiments LeUs were seeded in DMEM containing FBS 

(10%) at a density of 2 x 105 cells/well for HPK1A and 105 cells/well for 

HPKlA- ras in 6 well cluster plates. At 50% confluence, medium was 

replaced with fresh, unsupplemented DMEM (basal conditions) and incubation 

continued for 24 h. Following this 24 h serum-free period, medium was 

replaced with fresh unsupplemented DMEM or medium containing various 

combinations of FBS, EGF and 1,25(OH)2D3' 1ncubati ons were continued at 

37° C wi th 5% CO2 for the appropriate times. For experiments in which 

ambient calcium was varied, minimal essentia1 medium (MEM) (Gibco) 

supplemented with CaC12 was used in place of DMEM. 

Assay of 1mmunoreactive PLP (iPLP) in Conditioned Medium: Conditioned 

medium (CM) 1 1. 5 ml/well, was removed at the appropriate times and 

centrifuged to remove debris. Duplicate aliquots of 200-500 /Jl were 

evaporated to dryness in a Speed-Vac (Savant Inst. Inc., Hicksville, NY) 

and stored at -20 oC unti1 assayed. Dried medium was reconstituted with 
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300 /-LI of outdated blood bank plasma (OBBP) and radioimmunoassayed as 

described previously (11). Briefly, antiserum raised in rabbi ts agains t 

synthetie hPLP(1-34) (Institut Armand Frappier, Montreal, Canada) was used 

at a final dilution of 1:35,000 and synthetie hPLP(1-34), diluted in OBBP, 

was used as s tanda rd. The detection limit of the assay was 0.1 ng 

equivalents (eq) of hPLP(1-3/~)/ml of CM. PLP immunoreactivity was 

undetectable in equivalent amounts of unconditioned medium containing FBS 

(10%) or EGF (10 ng/m1) and treated in a similar manner. Results are 

expressed as ng equivalents of hPLP(1-34)/lG~ celis. 

To determine the stability of PLP-(l-34), - 100,000 epm/well of 

tracer used for the radioimmunoassay [125I-TyrOPLP- (1-34) 1 was added to 50% 

confluent cultures of HPKlA and HPKIA-ras ceUs and to empty 6 weIl plates 

for control. CM was removed at timed intervals up to 72 hours and 

aliquots were tested for protein precipitable tracer using 10% 

trich10roaeetic acid (TCA). 

Assay of Bioactive PLP (bioPLP) in Conditloned Medium: Samples of CM kept 

frozen at -20°C were defrosted at the time of assay and mixed 1:1 with 

MEM/HANKS (Gibeo) containing bovine serum albumin (BSA) (Gibeo) ami 

isobutylmethylxanthine (IBMX) (Sigma) to give a final concentration of 

0.2% BSA and 1 mM IBMX. Fo11owing adjustment to pH 7.5 with dilute 

hydrochlorie acid, samples were tested in the UMR 106 adeny1ate cyclase 

bioassayas deseribed previously (34). Briefly, confluent layers of eells 

ineubated for 2 h with 0.5 J,LCi/well [3H]adenine (16 Ci/mM, New Eng1and 

Nuelear (NEN, Boston, MA) were washed twice wi th Hanks balanced sai t 

solution (HBSS) (Gibco) and incubated for 10 minutes at 22°C with 
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keratinocyte CM prepared as described above. The reaction was stopped by 

aspiration of the medium and addition of 0.5 ml of TCA (10%). 

Approximately 2500 cpm (14C]cAMP (53 mCi/m1:NEN) were added to measure 

recovery when (3H]cAMP was isolated from other adeny1ated nucleotides by 

the method of Salomon et al (35) . hPLP(l- 34), assayed in multiple 

dilutions, was used as a standard. Sioactive PLP in 1.5 ml CM was 

corrected for cell numbers and expressed as ng equiva1ents hPLP(1-34)/106 

cells. 

Cell Counts: Following removal of CM, cells were trypsinized, dispersed 

and an aliquot taken for counting in a coulter counter (Coulter 

Electronics, Beds. UK). Remaining cells were centrifuged at low speed, 

rinsed with phosphate buffered saline (PBS) , lysed with 4M guanidine 

thiocyanate, 25mM trisodium citrate ImM EDTA and 1mM B-mercaptoethano1 

(GTC mix), and stored at -70·C for subsequent analysis by Northern or dot 

b10t hybridization. 

RNA Analysis: For Northern blot hybridization, GTC extracts were purified 

by cesium chloride gradient centrifugation (36) and 10 ~g of total RNA was 

electrophoresed on a 1.1% agarose-formaldehyde gel (20). For dot blot 

hybridization, samples were processed as described previously (l7). Air 

dried filters were baked for 2 h at 80°C then hybridized (38) with a 537-

bp SacI, HindIII restriction fragment encoding exon III (coding region) of 

the human PLP gene. This restriction fragment was labeled with (32p]dCTP 

(ICN Siomedicals Canada Ltd., Mississauga, ON) by the random primer method 

(Amersham Canada Ltd., Oakville, ON). Following a 24 h incubation at 
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1 42°C, filters were washed twice for 30 minutes with 2 x SSC, 0.1% SDS at 

50 0 e (1 x SSC is 0.15 M sodium chloride, 0.015 M trisodium ci trate) . 

Autoradiography of filters was carried out at -70·e using XAR film 

(Eastman Kodak Co., Rochester, NY) t-ath two intensifying screens Dot 

blot intensity was analysed by laser densitometry (Ultroscan XL, LKB 

Instruments Inc., Gaithersburg, MD). Gels were stained with ethidium 

bromide to ensure equivalent quantities of RNA were 10aded into aU lanes. 

In addition. fi1ters were probed with an 800-bp BamH1 restriction fragment 

of rat cyclophilin as a control for PLP mRNA changes. 

Statist1cal Analysis: All results are expressed as the mean ± SEM of 

replicate determinations and statistical comparisons based on the 

Student's t-test. A probability value of <0.01 was considered to be 

s ignificant. 

Results 

Effect of FBS and 1,25(OH)2D3 on PLP Gene Expression 

Northern blot analysis of total RNA from FBS stimulated HPK1A- ras 

cells revealed the presence of a predominant 1.6 kb PLP transcript and a 

minor 2.1 kb transcript which reached maximum expression at 6 h, returning 

to basal 1eve1s thereafter (Fig. 1). Addition of l,25(OH)2D3 (10- 7 M) to 

the culture medium produced a slight inhibition of this early increase in 

PLP mRNA and an apparent enhancement at 24h. Similar resu1ts were 

observed for HPKIA cells, except that a sustained inhibition was not\~d at 

24h. Dot blot analysis of total RNA from HPKlA and HPKIA-ras cells 
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treated wi th FBS (10%) revealed a time - dependent increase in PLP mRNA 

which was greater in HPK1A- ras than in HPKlA (Fig 2A). However, when 

these increases were expressed as a fold stimulation above basal, values 

were far greater for HPKIA than for HPKlA- ras (Fig. 2B). In addition, 

varying concentrations of FBS elicited dose-dependent increases in the 

induction of PLP rnRNA which, in absolute units, were greater in HPKlA-ras 

than in HPKlA (Fig. 3A), but when expressed as a fold stimulation above 

basal, these increases were far greater for HPKlA than for HPKlA-ras (Fig. 

3B). Analysis of the inhibition of FBS-stimulated PLP mRNA expression by 

varying concentrations of 1,25(OH)2D3 revealed significant inhibition at 

lower concentrations in HPKlA cells than in HPKlA-ras cells (Fig. 3e). 

Stability of 125I-TyrOPLP-{l-34) in Culture 

After 72 h in culture, 125I_TyrO PLP- (1-34) was shown to be -70% 

protein precipitable (Table 2). No differences were observed between 

samples incubated in the presence or absence of cells or between samples 

taken from HPKlA compared with HPK1A-ras cultures. 

Time Course of Unstimulated PLP Secretion 

To determine the characteristics of PLP secretion in established 

(HPKlA) and malignant (HPKlA-ras) human keratinocytes, we first measured 

iPLP in CM removed at timed interva1s from cells maintained under basal 

conditions (Fig 4). PLP secretion increased linearly in CM of both cell 

lines, howev~r, HPKlA-ras secreted significantly more iPLP than HPK1A at 

a11 times tested. 
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1 Time Course of FBS and EGF Stimulated PLP Secretion: Correlation of 

Immunoreactive vith Bioactive PLP 

The PLP secretory response to exogenous growth factors was next 

examined. Addition of FBS (10%) ta cultures of HPK1A-ras elicited a time 

dependent augmentation in iPLP (Fig. 5) which exceeded that seen in CM 

from HPKlA-ras cultured under basal conditions (Fig. 4). Using adenylate 

cyclase stimulation in UMR 106 osteosarcoma cells as an index of 

bioactivity, bioactive PLP in CM was shown to correlate high1y 

significantly (r-0.98, p<O.OI) with iPLP (Fig. 5 insert) although bio PLP 

at each time poi.nt was approximately 50% of the immunoreactive value (Fig. 

5). A similar time-dependent enhancement of iPLP release by FBS was seen 

in HPKlA cultures and a similar correlation between bioPLP and iPLP was 

seen in CM harvested from FBS stimulated cultures ot HPKIA over the same 

time course. In aIl subsequent experiments, to facilitate multiple 

measurements, only iPLP was determined. Addition of EGF (10 ng/ml) 

produced a time-dependent increase in iPLP secretion in CM from HPK1A·ras 

which was significalltly greater th an the increase in iPLP in CM from 

HPKlA-ras cultured under basal conditions (Fig. 6) and similar results 

were also obtained for HPKIA. 

Dose Dependency of EGF and FBS Stimulated PLP Secretion 

The concentration dependent effect of EGF and FBS on PLP secretion 

was next examined. Increasing concentrations of either EGF (Fig. 7 panel 

A and B) or FBS (Fig. 7 panel Gand D) produced progressive increases in 

iPLP in CM from cultures of both HPKIA and HPKIA-ras. Although the level 

of iPLP after 48h in basal conditions in HPKIA CM was 8-fold less th an in 
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HPKIA-ras CM (panels A and C), EGF and FBS-stimulated increases, when 

expressed as a fold stimulation above basal (pane] s Band D), were far 

greater for HPK1A (maximum 13 x basal) than for HPK1A-ras (maximum 3 x 

basal) . 

Effect of 1,25(OH)2D3 on EGF and FBS Stimulated PLP Secretion 

Addi tion of 1,25 (OH)2D3 (10-8 M) to EGF (10 ng/ml) stimu1ated 

cultures of NHK and HPKlA produced a significant reduction in PLP 

secretion, which was greater in NHK than in HPK1A ce1ls (Table 3). No 

reduction in PLP secretion was seen in EGF stimu1ated cultures of HPKlA-

ras cells treated with 10-8 M 1,25(OH)203 (Table 3). iPLP was next 

measured in CM from unstimulated (basal conditions) cultures of HPKlA and 

HPKlA-ras in the presence or absence of 1,25(OH)20~ (10-8 M) (Table 4). 

Basal secretion was reduced to a greater extent in HPKlA than in HPKlA-

ras. Increasing concen~rations of 1,25(OH)203' were next shawn to inhibit 

PLP secretion lnto CM ln both EGF stimulated (Fig. 8A) and FBS stimulated 

(Fig. 8B) cultures of HPKlA and HPKlA-ras, however a greater degree of 

inhibition was observed in HPKIA than in HPKlA- ras cultures. In addition, 

1,25 (OH)2D3 (10-8 M) was capable of sustained inhibition of PLP secretion 

at 72h in HPKIA (14% in EGF stimu1ated cultures and 35% in FBS stimu1ated 

cultures) but not in HPK1A-ras, where there was a small augmentation in 

PLP secretion in 1,25(OH)203 (10-8 M) treated cultures at 72h (+9% in EGF 

stimulated cultures and +4% in FBS stimulated cultures). 

Effect of Extracellular Calcium Concentration on EGF Stimu1ated PLP 

Secretion 
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1 A signiftcant reduction in iPLP at 24 h was noted in CM from both 

HPKlA and HPKlA-ras cells when the calcium concentration of the culture 

medium was reduced from 2.0 mM CaH to 0.5 mM CaH . the reduction in HPKIA 

cells being greater than that in HPKlA-ras cells (Table 5). By 72 h, both 

cel! lines maintained in 0.5 mM Ca medium produeed approximately 50% of 

the PLP produced by the same cell type maintained in 2.0 mM Ca. 

Discussion 

We have examined the regulation of PLP production at the lE'vel of 

gene expression and of secretion in a model of human keratinocyte tumor 

progression. PLP rnRNA levels were clearly increased by serum stimulation 

within 6 hours in both established and malignant cells and then quickly 

returned to reduced levels. The rapid and transient induction of PLP mRNA 

in response to mitogenic stimuli has previously been observed hy us in 

normal human keratinocytes IN VITRO (20) and by others in mammary tissue 

IN VIVO in response to elevations in serum prolactin (39). This time 

course is analogous to the temporal response to growth factors of sorne 

"immediate-early gclnes", such as c-myc, which have been implicated in cell 

cycle regulation (40). The transience of PLP gene expression which wC! 

observed has also been noted previol!sly (20, 27. 41) and may be a function 

of decreased rnRNA stability conferred by multiple AU motifs present in the 

3' untranslated region of the PLP mRNA (8, 42). Superinduction of PLP 

message expression following inhibition of protein synthesis by 

cycloh~xirnide (24), another characteristic of rapidly induced genes. lends 

support to this hypothesis. These characteristics shared with early 
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response genes May therefore strengthen the postulated role assigned to 

PLP in modulating cell growth and/or differentiation. 

We have previously demonstrated the presence of cis acting regions 

responsive to growth factors and serwn within the PLP promoter region in 

transient transfection studies with normal hwnan keratinocytes in culture 

(20). In the present study, both established and malignant cell lines 

increased PLP gene expression in response to serum however the stimulatory 

response was greater in the established than in the malignant celis. 

Whether the site of altered PLP gene induction in the malignant celis 

resides in altered activation of nuclear transcription or at other 

regulatory loci remains to be determined. 

Normal human keratinocytes in culture have been shown to metabolize 

25(OH)20] to its active Metabolite 1,25(OH)203 IN VITRO (43). In addition, 

l, 25 (OH)2D3 receptors have been identified in skin and in cultured 

keratinocytes (44, 45) and 1,25 (OH)2D3 has a1so been shown to inhibit 

growth and stimulate differentiation (46.47) in normal human 

keratinocytes, perhaps in an autocrine manner. In previous studies we 

demonstrated that l, 25(OH)20] inhibited PLP gene expression within hours 

in normal human keratinocytes, at least in part by inhibiting gene 

transcription (20). A comparable reduction in c-myc rnRNA levels, within 

the same t ime frame in response to l, 25 (OH)203 has been noted hy others 

in these ceUs (47). In the present study, an inhibitory effect of 

l,25(OH)2D3 on inducible PLP gene expression was present in the established 

ceU li ne , HPKlA, but was markedly diminished in the malignant variant. 

Consequently, inhibitory as weIl as stimulatory control loci of FLP gene 

expression appeared dysregulated in the progression to the malignant 
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state. 

\Je next assessed the characteristics of PLP secretion in this model 

PLP concentrations were determined in unextracted conditioned medium usin~ 

an NH2- terminal radioimmunoassay which corre lated we 11 wi th bioac t ive 

concentra t ions. Differences in absolute levels found between the two 

methods may be due to the molecular species of PLP releasf'd into 

conditloned medium which might differ in reactivity, relative to the 

synthetic PLP-(1-34) standard, in the radioimmunoassay relative to the 

bioassay. Consequently, aIL PLP values were expressed as ng-equivalents 

of the synthetic PLP-(l-14) standard rather than as absolute units. The 

secretory rate of PLP from unstimulated cultures of malignant HPKIA- ras 

cells was approximately three times that of the established HPKIA cells, 

however maximal concentrations of PLP secretion ln response to EGF and FBS 

were similar in both cell lines. This occurred because the increment of 

stimulation above basal was far less for HPKlA-ras than for HPKlA cells, 

suggesting a decreased dependence on exogenous growth factors by the 

malignant keratinocytes. This reduced augmentation of the secre tory 

response to exogenous growth factors therefore paralleled the reduced 

augmentation of PLP mRNA which was observed in the malignant ce lIs. 

Increased produc tion of endogenous growth stimulatory fac tors, for example 

TGFa (48), could be one explanation for this phenomenon. Alternatively, 

altered and/or constitutively active EGF receptors might exp1ain the 

relative independence from exogenous ligand by the malignant cells. 

\Je also demonstrated an increasing resistance to 1,25(OH)2D3 

inhibition of both unstimulated and growth factor (GF) stimulateà PLP 

secretion in the progression from established to mal ignant phenotype. lO·B 
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c M 1,25 (OH)203 was most effective in reducing PLP secretion in EGF 

stimulated normal human keratinocytes (NHK). Although 1,25(OH)203 (10-8 M) 

was capable of a sustained, significant reduction of both basal and GF 

enhanced PLP secretion in HPK1A cells, a higher concentration of 

1, 25(OH) 2D3 (10- 7 M) was required to significant1y inhibit PLP secretion in 

HPK1A- ras cul tures.· Furthermore, in these cells, a small increase was 

observed in PLP secretion at 72h preceded by an increase in PLP mRNA at 

24h. Reduced responsiveness ta 1,25(OH)203 at the secretory leve1 therefore 

paralleled the diminished responsiveness seen at the levei of gene 

expression. This resistance to the action of 1,25(OH)2D3 may be due ta 

functional defects in either the steroid or ONA binding domains of the 

receptor protein, ta defects in other trans activating factors 

concomi tantIy required for vitamin D ac tion at the levei of gene 

expression, or to altE'l:ations in the vitamin ° response elements in the 

PLP promoter or in the regulatory regions of other genes invol ved in 

modulating effects of 1,25(OH)2D3 on PLP production. Further studies will 

be requi red ta define the prec ise mechanisms. 

The concentration of extraceilular calcium has been shawn to 

regula te both PTH and PLP secretion IN VITRO. However, whereas low 

ambient calcium stimulates PTH and PLP secretion in parathyroid cells (22, 

37, 49), rat Leydig turnor cells, which release PLP in culture, respond to 

decreased levels of calcium with diminished secretion of PTH-like 

bi oacti vi ty (28). In tha present studies we have shown that a reduction 

in extracellular calcium results in a greater initial decrease in iPLP 

secretion into the culture medium by established than malignant 

keratinocytes. This reducti on of PLP secretion may be due to a change in 
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differentiationjproliferation of the cells induced by the low calcium or 

to a direct effect on PLP production. As previous studies in normal 

keratinocytes have failed to demonstrate effects of extracellular calcium 

on PLP gene promoter activity, further studies will be required to 

deterrnine if the calcium induced modulation of PLP secretion seen in these 

transformed cells is accomplanied by modulation at the transcriptional 

level. 

Our studies therefore show, with respect to PLP production, that 

several regulatory rnechanisms present in normal, human keratinocytes are 

altered in the progression to the malignant phenotype Since squamous 

cell cancers represent an important cornponent of mal ignanc ies which 

overproduce PLP IN VIVO and are associated with hypercalcemia, these 

findings may have important implications for understanding the 

pathogenetic mechanisms involved IN VIVO in the development of 

hypercalcemia in mali gnancy. 
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Table 1 Growth and differentiation properties of normal, immortalized and 
malignant human keratinocytes in culture. 

Stratificationa 

Cell enve10pesb 

Involucrinb 

Passages in culturea,c 

Saturation densityC 

Extracellular matrixb,d 

Agar coloniesc 

Turnor formationc 

a. Dùrst et al. (Reference 31). 

Benign 
NHK 

+++ 

+++ 

+++ 

+ 

+ 

+ 

b. Allen-Hoffmann et al. (Reference 32). 

c. Durst et al. (Reference 29). 

d. Adams et al. (Reference 33). 
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Immortalized 
HPK1A 

+ 

++ 

+++ 

+ 

+ 

Malignant 
HPK1A- .DlS 

.. 
+ 

+++ 

++ .. 

+++ 

+++ 

+++ 



Table 2 Stability of 1~I~TyrOPLP-(1-34) in culture. 

a. 

% cpm Prote in Precipitablea 

Control HPKlA HPKlA-ras 
mean ± SEM mean ± SEM mean ± SEM 

24h 74 ± 4 81 ± 7 80 ± 6 

48h 69 ± 3 72 ± 4 73 ± 4 

72h 72 ± 4 67 ± 7 70 ± 4 

- 100,000 cpm 125I_TyrOPLP_ (1- 34) were added to empty wells (Control) or 
50% confluent cultures (HPKIA and HPK1A-ras) at time 0 as described in 
Materials and Methods and aliquots were removed at timed intervals for TCA 
precipitation. The tracer prior to incubation was 95.6% protein 
precipitable. Values represent the mean ± SEM of triplicate 
determinations and are representative of 3 different experiments. 
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Table 3 Effect of 1,25(OH)zD3 on EGF stimulated PLP secretion in NHK, HPK1A 

and HPK1A-ras keratinocytes. 

NHKa HPK1Ab HPKIA- ra sb 

ng eq/l06 % ng eq/l06 ng eq/106 % 
calls cells cells 

mean ± SEM mean ± SEM mean ± SEM 

Basal 1.05 ± 0.17 100 1. 02 ± 0.09 100 2.36 ± 0.23 100 

EGF 3.20 ± 0.36 305 2.90 ± 0.30 284 4.30 ± 0.35 182 

EGF + 1,25(OH)2D3 1. 25 ± 0.32 119' 1. 80 ± 0.15 176c,d 4 09 .t 0.25 l7Sd 

a. Following 24h in KBM supplemented with insulin, hydrocortisone and 0.15 mM 
calcium. fresh medium supplemented with 10 ng/ml EGF with or without 10'8 
M 1,25(OH)2D3' was added to 50% confluent cultures of NHK as described in 
Katerials and Kethods. 

b. Following 24h in DMEM, fresh medium supplemented with EGF 10 ng/ml with or 
without 10-8 M 1,25 (OH)2D3 was added to 50% confluent cul tures of HPKIA and 
HPKlA-ras cells. CM removed from aIL cultures at 24h was assayed for 
immunoreactive PLP which 1S expressed as ng eq hPLP-(1-34)/106 cells Each 
value represents the mean ± SEM of 6 determinations and is representative 
of 2 different experiments. 

c. Significant difference from EGF (p <0.01). 

d. Significant difference from NHK incubated with EGF + l,25(OH)2D3 (p <0.01). 

121 



" Table 4 Effects of 1,25 (OH)2Dl on unstimulated iPLP secretion in 
HPKlA and HPK1A ras. 

Cell Une iPLP ng eq/l06 % Inhibition 
cells l 

mean±SEM 

HPKIA Basal 1. 22 ± 0.06 
l, 25 (OH) 2D3 0.88 ± 0.04b 28 

HPKlA-ras Basal 2.08 ± 0.04 
l,25(OH)203 1.72 ± 0.12 17 

a. Following 24h in basal conditions (no growth factors) medium was 
replaced at time 0 with fresh basal medium with or without 1,25 
(OH)2D3 (10-8 M) in 50% confluent cultures of HPKlA and HPKIA ras. 
Conditioned medium removed at 24h was assayed for immunoreactive PLP 
(iPLP) which is expressed as ng equivalents (eq) of hPLP (1-34) /106 

cells. Each value represents the mean ± SEM of 6 determinations and 
is representative of 3 separate experiments. 

b. Significant difference from Basal (p <0.01). 
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Table 5 Effect of ambient Ca concentration on ECF stimulated IPLP secretion 
in HPK1A and HPK1A ras. 

Calcium 1PLP ng eq/106 cellsB 

24 h %b 72 h %b 

mean ± SEM mean ± SEM 

HPK1A 2.0 mM 2.58 ± 0.20 13 .60 ± 1. 20 
0.5 mM 1. 37 ± 0.08c 47 6.82 ± o 7le 50 

HPK1A-ras 2.0 mM 3.45 ± 0.21 11.90 ± 1. 20 
0.5 mM 2.47 ± 0.26c:,d 28 6.88 ± 0.4ge lâ 

a. Fo11owing 24h in basal conditions (DMEM without growth factors), 
fresh MEM containing either 0.5 mM Ca or 2.0 mM Ca, supplemented 
with EGF (lOng/ml), was added ta 50% confluent cultures of HPK1A and 
HPK1A ras at time O. Conditioned medium was removed at timed 
intervals and assayed for immunoreactive PLP (iPLP). Values 
represent the mean ± SEM of 6 determinations and are expressed as ng 
equivalents (eq) of hPLP(l-34)/106 cells. Data is representative of 
2 different experiments. 

b. Inhibition (%) 

c. Significant difference from 2.0 mM Ca at that time point (p <0.01). 

d. Significant difference from HPK1A 0.5 mM Ca at 24h (p <0.01). 

123 



1 

Lane 1 2 3 4 5 6 7 8 9 10 11 

1,25 (OH) 2 D3 • • + • + - + - + - + 

Time (hours) . 0 0.25 0.25 0.5 0.5 1 1 6 6 24 24 
.- ' . ,Jy .. .. ~ 1~ ........ ,t ''',~,.l.~ 

~\..; .. 
1.. ~ ; .. ~~~~ 

t ' .. ,.... ".;> ~ 
j , , J , ~ ) 

< 

:~'I .' "u -:. 
,? r 

" ~.' 1.6 kb ~ 
~, " M ) .... ) .... , t, 

'~l":-' 
' , 

.. : ... , 
': <, " , 1>:;'''0., '" 

.. : .. ~~ y) t~ 

.. '~)")$tJ 
, < 

' ........ ... ,." .. 
, " , 

Figure 1. Northern blot analysis of PLP maNA. Total cellular RNA was 
prepared as described in Katerials and Kethods from HPKlA-ras cells 
removed at timed intervals following stimulation with FBS (10%) in the 
absence (-) or presence (+) of l.25(OH)2D3 (10- 7 M). Aliquots of 10 
~g/1ane were electrophoresed on a 1.1% agarose-forma1dehyde gel, b10tted 
onto Nytran filters and probed with a 537-bp restriction fragment encoding 
exon III of the hurnan PLP gene. Ethidium bromide-stained gels demonstrated 
equiva1ent quantities of RNA had been loaded into all Ianes. Cyclophilin 
probed fil ters showed little change frem basal 1evels of mRNA in a1l 
Ianes. Data 1s representative of 2 different experiments. 
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Figure 2. Dot blot analysis oc the time course of PLP mRNA induction in 
HPKLA and HPRiA-ras. GTe extra~ts of equal numbers of HPK1A «) ) 
and HPK1A-ras ( • ) cel1~ removed at timed intervals following 
stimulation with FBS (10%) were subjected to dot blot analysis as 
described in Katerials and Kethods. Filters were hybridized with a 537 bp 
restriction fragment encoding nxon III of the human PLP genp. Points 
represents the mean ± SEM of triplicate determinations and are 
representative of 3 different experiments. mRNA levels are expres~ed in 
absolute densitometry units in panel A and as fold sti.mulation above basal 
in panel B which in HPKIA-ras was 3 fold greater than in HPK1A cells. The 
intensity of cyclophilin mRNA showed Little change from basal dt any time 
tested. *Significant difference from basal at that time point (p<O 01) 
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Figure 3. Effect of F8S and l,25(OH)2D3 on PLP mRNA in HPRlA and HPRlA­
ras. GTC extracts of equal numbers of HPKlA ( e ) and HPK1A-ras ( • ) 
cells removed at 6 h following stimulation with varying concentrations of 
FBS (panels A and B) or with F8S (10%) in the presence of varying 
concentrations of l,25(OH)2D, (panel C) were subjected ta dot b10t 
analysis as described in Katerials and Kethods. Filters were hybridized 
with a 537 bp restriction fragment encoding exon III of the human PLP 
gene. Bars represent the mean ± SEM of triplicate determinations. 
Induction of PLP mRNA is expressed in abso1ute densitometry units (panel 
A) and as fold stimulation above basal (0) (panel B) which was 3 fo1d 
greater in HPK1A-ras than in HPK1A. Inhibition of PLP mRNA (panel C) is 
expressed as a % of control (c), which represents the 1evel of PLP rnRNA in 
cells cultured in FBS (10%) in the absence of l,25(OH)203. Data is 
representative of duplicate experiments. Significant difference from 0 or 
control *(p<O.Ol). 
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Figure 4. Time course of unstimulated PLP secretion in HPKlA and HPKlA 
ras. Following 24h in basal conditions (no growth factors) fresh basal 
medium was added to 50% confluent cultures of HPK1A ( ~ ) and HPKlA ras 
( 0 ). Conditioned medium (CM) removed at timed intervals was assayed 
for immunoreactive PLP (iPLP) as described in Materials and Methods. iPLP 
is expressed as ng equivalents (eq) of hPLP (1-34)/ 106 celis. Each value 
represents the mean ± SEM of triplicate determinations and is 
representative of 3 separate experiments. *Significant difference from 
HPKlA at the respective time point (p <0.01). 
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Figure 5. Ti .. e course of FBS stimu1ated illlmIloreactive (i) and bioactive 
(bio) PLP in HPKlA ras. Fresh medium containing FBS (10%) was added to 
50% confluent cultures of HPK1A ras at time O. Conditioned medium removed 
at timed intervals was assayed for immunoreactive ( • ) and bioactive 

[] ) PLP as described in Materia1s and Methods. Values represent the 
mean ± SEM Jf triplicate determinations and are expressed as ng 
equivalents ,'~) of hPLP (1-34) / 106 ce1ls. Data is representative of 2 
different experiments. Insert represents immunoreactive PLP (iPLP) on the 
vertical axis plotted against bioactive PLP (bio PLP) on the horizontal 
axis. Pearson's correlation coefficient pquals 0.98 which is significant 
at p<O.Ol. 
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Figure 6. Time course of EGF stimulated PLP secretion in HPKIA ras. 
Following 24h in basal conditions, fresh medium without ( () ) or with 
( • ) EGF (lOng/ml) was added to 50% confluent cultures of HPKIA ras 
Conditioned medium removed at timed intervals was assayed for 
immunoreactive PLP (iPLP) as described in Materials and Methods. Each 
point represents the mean ± SEM of trip1icate determinations and 1S 
representative of 3 different ex~eriments. PLP is expressed as ng 
equivalents (eq) of hPLP (1-34) /10 cel1s. *Significantly different from 
unstimulated cultures at that time point (p <0,01) 
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Figure 7. PLP secretion in HPK1A and HPK1A ras in response to varying 
concentrations of EGF and FBS. Following 24h in basal conditions (no 
growth factors), fresh medium without or with varying concentrations of 
either EGF (panels A and B) or FBS (panels C and 0) was added to 50% 
confluent cul tures of HPK1A ( lit. ) and HPK1A ras ( • ) at time O. 
Conditioned medium removed 24h later was assayed for immunoreactive PLP 
(iPLP) as described in Materials and Methods. Each point represents the 
mean ± SEM of 4-6 determinations and Is representative of 3 different 
experiments iPLP is expressed as ng equivalents (eq) of hPLP (1-34) /106 

cells in panels A and C, and as fald stimulation ab ove basal activity in 
panels Band D. Basal activity represents PLP secretion following 48h in 
basal conditions 
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Figure 8. Effect of 1.25(OH)iD3 on EGF and FBS stimulated PLP secretion 
in HPK1A and HPK1A-ras cells. Following 24h in basal conditions, fre&h 
medium containing either EGF (la ngjml) (pane] A) or FBS (5%) (panel B) 
with or without varying concentrations of l,25(OH)2D3' was added to 50% 
confluent cultures of HPK1A ( ~ ) and HPK1A-ras cells ( 4t ). Basal 
activity was 0.3 ± 0.02 and 1.1 ± 0.09 ng eq PLP-(1·34)/106 cells in panel 
A and 0.1 ± 0.01 and 0 5 ± 0.03 ng eq PLP-(1-34) /106 cells in panel B for 
HPKIA ( Â ) and PHKlA-ras ( • ) cells respectively 100% activity was 
1.56 ± 0.13 and 2.05 ± 0.17 ng eq PLP-(1-34)jl06 cells in panel A and 1.00 
± 0.09 and 1.46 ± 0.10 ng eq PLP-(1-34)/106 cells in panel B for HPK1A and 
HPKIA-ras cells respective1y. Each point represents the rnean ± SEM of 4-6 
determinations and expresses iPLP as a percentage of growth factor 
stimulated activity. Data i5 representative of duplicate E'xperiments 
Significant difference from 100% activity *(p<G al). 

131 



1 

CHAPT ER V IDENTIFICATION AND FUNCTIONAL CHARACTERIZATION OF ADENYLATE 

CYCLASE··LINKED RECEPTORS FOR PARATHYROID HORMONE-LIU PEPTIDES 

ON IMMORTALIZED HUHAN KERATINOCYTES 

Preface 

Apart from its localization in neoplastic tissues of widely diverse 

histological origin, PLP has been shown to be expressed by numerous 

normal fetal and adult cell types. In addition, PLP was detected in 

the systemic circulation of normal individuals. Taken \:ogether, 

these observations suggested a potential role for PLP in normal 

physiology which differed from its parathyroid hormone-like role in 

malignancy associated hypercalcelDla. To explore the possibility that 

PLP may act in an autocrine manner in a non-classical PLP/PTH target 

tissue, l examined an established human keratinocyte ce Il line for 

evidence of functional PLP receptors. 
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1 Abstract 

We have identified and characterized receptors for the amino­

terminal domains of parathyroid hormone (PTH) and parathyroid hormone -1 ike 

peptide (PLP) on an immortalized human keratinocyte celI line, RHEK-l 

Binding of both PLP-(l-34) and PTH-(1-34) to the RHEK-l cells was 

consistent with a two site model, affinities and capacities for each site 

being similar for the two peptides. Both peptides also stimulated 

adenylate cyclase activity with an equal EDSO in this cell line. Pertussis 

toxin pre-treatment enhanced this peptide-mediated enzyme activity 

suggesting linkage of the receptor to an inhibitory guanyl nucleotide 

binding prote in (Gi). Adenylate cyclase activity was diminished by both 

homologous (PLP-(l-34)] and heterologous (EGF) effectors. Malignant 

conversion of the immortalized cells with an activated H-ras oncogene to 

produce the RHEK-ras cell line was associated with a reduction in binding 

at both PLP/PTH and ECF receptors as well as a post receptor defect in 

PLP/PTH stimulated adenylate cyclase activity. The defect in enzyme 

activity appeared to be due in part to a decrease in the activity of the 

stimulatory guanyl nucleotide binding protein (Cs) but not due to an 

increase in Gi activity. Activation of the RHEK-l amino-terminal PLP/PTH 

receptor resulted in a small increase in both [3H]thymidine incorporatioL 

and cell numbers which was enhanced in the presence of ECF and was 

markedly reduced when cells were cultured in high calcium medium These 

studies demonstrate that the amino-terminal region of PLP and PTH activate 

adenylate cyclase linked receptors which are associated with mitogenesis 

in RHEK-l cells and suggest that this cell line represents a 5uitable 

model in which to examine the actions of PLP in keratinocytes. 
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Introduction 

Parathyroid hormone-like peptide (PLP) which was originally 

described as a tumor product, is expressed and secreted by both normal (l, 

2) and neoplastic (3, Henderson et al. In Press) keratinocytes in culture. 

In preliminary studies PL~ has been {mplicated as an autocrine modulator 

ot growth and/or differentiation in these cells (4-6), implying the 

existence of a specific PLP receptor in keratinocytes. PLP and 

parathyroid hormone (PTH) have been shown to bind with varying affinities 

to the same receptor not only in the classical PTH target cells of kidney 

and bone (7-11) but also in a nurnber of other cells, including dermal 

fibroblasts (12), embryonal carcinoma cells (13) and vascular smooth 

muscle (14). However, there has been no report to date of a PLP/PTH 

receptor on keratinocytes. The purpose of this study was therefore to 

identify and characterize a keratinocyte PLP/PTH receptor Using an 

immortalized hum an keratinocyte cell line (RHEK-l) which no longer 

secretes PLP, we have demonstrated the presence of specific, adenylate 

cyclase-linked PLP/PTH receptors and have shown that malignant conversion 

of the established cells is associated with a 10ss of functiona1 PLP/PTH 

receptors. In addition, we have examined the capacity of exogenous PLP to 

modulate the growth characteristics of RHEK-l cells and to interact with 

EGF, a known keratinocyte mitogen (15-17). 

Materials and Methods 

Cell Lines and Culture Conditions 

RHEK-l cells were established as a non-malignant cell-line 
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from normal, human foreskin keratinocytes in culture following exposure to 

a hybrid virus (19) adenovirus 12-simian virus 40 (AD12-SV40). Although 

these ceUs acquire an indefinite lifespan in culture, they maintain thE'ir 

"fIat" epithelial morphology, retain a number of markers associated with 

epithelial ceUs, do not form colonies in soft agar and are non­

ttunorigenic in nu de mice (Table 1) (18-21). These immortalized cells were 

further transformed by stable transfection with an activated human H-ras 

oncogene, pSV2 -ras (20) into the malignant RHEK- ras eell Une. The 

malignant characteristics acquired by these ceUs include colony format ion 

in soft agar and the capacity to form invasive squamous cell tumors when 

injected into nude mice (Table 1). Cells were maintained in Dulbecco's 

modified eagles medium (DMEM) (Gibco Labs; Grand Is., NY) supplemented 

with 5% fetal bovine serum (FBS) (Gibco Labs) at 37"C with 5% CO2 , fed 

routinely twice a week and passaged once a week. After 2-3 months, fresh 

cells were thawed for experiments. 

Tracer Preparation and Binding Studie& 

For PTH binding, cells were plated at a density of 2 x lOS 

cells/well in 6 well cluster plates (Bec ton Dickinson Labware; Lincoln 

Park, NJ) in DMEM supplemented with 10% FBS and binding studies were 

carried out 48 h later foUowing a 4 h serum- free period in DMEM 125 1_ 

PTH-(1-34) (Sachem, Torrance, CA) was prepared by the lactoperoxidase 

technique as described previously, using RP-HPLC to separa te unlabe led 

peptide from iodinated ligand (22) Using a ratio of 5 ~g PTH-(1-34) per 

1 mCi 1251 [New England Nuclear (NEN, Boston, MA) J this method yielded a 

tracer of high specifie activity (4.88 x 106 dpm/pmole). Confluent layers 
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of cells were washed twice with 2 ml Hank's balanced salt solution (HBSS) 

(Gibco Labs) prior to addition of 120,000 cpmjwell 125r-PTH-(1-34) in 0.6 

ml minimal essential mediumjHanks salts (MEMjHANKS) (Gibco Labs) 

supplemented wi th 15% FBS. Unlabeled hormone was added at varying 

concentrations in 0.3 ml MEM/HANKS/15% FBS to make a final incubation 

volume of 0.9 ml 

For EGF binding, cells were plated at a density of 5 x 104 

cells/well in 24 well cluster plates in DMEM supplemented with 10% FBS and 

binding studies were carried out 48 h later following a 4 h serum-free 

period in DMEM. 125r_EGF was prepared as described previously (23) using 

a modification of the chloramine T method, followed by Sephadex GSO 

purification. This technique yielded a tracer with specifie activity of 

1.88 x 106 dpm/pmole. Confluent layers of cells were washed twice with 0.5 

ml HBSS prior to addition of 45,000 cpm/well 125r_EGF in 0.2 ml 

MEM/HANKS/l5% FBS Unlabeled EGF (Sigma Chemical Co., St. Louis, MO) was 

added at varying concentrations in 0.1 ml MEM/HANKS/l5% FBS to make a 

final incubation volume of 0.3 ml. In sorne experiments, RHEK-ras cells 

were washed twice with 1 ml of 150 mM CaCl2 in 0.1% acetic acid containing 

l mg/ml bovine serum albumin (BSA) (Gibco Labs) to remove endogenous 

ligand immediately prior to binding studies. 

For aIl binding studies, plates were incubated for 2 h at 23° 

C on a rotational shaker. Following incubation, cells were washed 3 times 

with HBSS and 2 times with phosphate buffered saline (PBS) before 

solubilizing in IN NaOH (1 ml for 6 well plates, 0.5 ml for 24 well 

plates) and counting in a gamma radiation counter (LKB, Wallac, Finland). 

Total binding was assessed in the absence of unlabeled peptide and 

136 

1 



1 nonspecific binding in the presence of 10-6 M PTH- (1-34) (Sachem), 10-6 M 

PLP-(1-34) (Peninsula Labs; Belmont, CA) or 10-7 M EGF (Sigma) 

Scatchard analysis of the binding data was accornplished using 

the LIGAND prograrn. Representative wells from each binding assay were 

trypsinized and an aliquot was counted on a coul ter counter (Coul ter 

E1ectronics, Seds, UK) to determine ce 11 numbers for the calculat ion of 

receptor sites/cell. 

Adenylate Cyc1ase Assays 

Cells were plated at a density of 5 x 104 cells/well in 24 well 

cluster plates in either DHEM supplemented with 10% FBS or in minimal 

essential medium (HEM) (Gibco Labs) supplemented with 10% FBS and calcium 

at varying concentrations. Adenylate cyclase assays were performed, as 

described previously (24), 48 h later following a 4 h serum-free p~riod in 

the appropriate medium. Briefly, confluent layers of cells were incubated 

for 2 h with 0.5 ~Ci/well [3H) adenine (New England Nucl~ar), washed twice 

with HBSS and incubated for 10 min at room tempt!ratur{' with the 

appropriate agonist. The reaction was stopped by aspiration of the mediwn 

and immediate addition of 0.5 ml of 10% trichloroacetic acid (TCA) 

Approximately 2500 cpm [14C 1 cAMP (New England Nuclear) were added in 

carrier solution to measure recovery when (~H 1 cAMP was separated from other 

cyclic nucleotides by the method of Salomon (25). 

Pre-incubation with 50 ng/ml pertussis toxin (List Biological 

Laboratories Inc.; Campbell, CA), 10-8 M PLP-(l-34), 10-8 M PLP-(3-34) 

(Institut Armand Frappier, Montreal, Canada) and 10 ng/well EGF was 

carried out for 18 h under serum-free conditions. Pre-incubation with l 
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~g/ml cholera toxin (List Biological Laboratories Inc.) was carried out 

for the last 3 hours of the serum-free period, prior to addition of the 

[3H] adenine. 

Additional materials used in the adenylate cyclase assays were 

forskolin (Galbiochem; Markham, Ontario, Canada), isoproterenol (S igma 

Chem. Co.) and PGE2 (Sigma Chem. Co.). 

[~1 Thymidine Incorporation and Cel1 Numbers 

Cells were plated at a density of 2 x 104 cells/well in 24 well 

cluster plates in MEM supplemented with 10% FBS and 0.5 mM, 1 mM or 2 mM 

calcium. Cultures at 20% confluence were maintained for 18 h in the 

appropriate serum- free medium. At time 0, fresh MEM with no addition 

(basal) or containing 10-8 M PLP- (1- 34) alone, 10 ng/well EGF alone, or lO­

s M PLP- (1- 34) and 10 ng/well EGF, was added and incubations were continued 

for 22 h, at which time [3H]thymidine (0.5 J.l.Gi/well) (ICN; Costa Mesa, GA) 

was added and incubations were continued for an additional 2 h. Medium 

was then aspirated, cells were washed twice wich 1 ml of HBSS, treated for 

30 min with 0.5 ml 10% TCA and then solubilized in 0.5 ml of l N NaOH. 

Aliquots were counted in a {3 radiation counter (LKB). Cell numbers were 

counted in tripl icate wells/plate and the cpm [3H] thymidine were corrected 

for cell numbers, final values being expressed as cpm/104 cells. 

Ce11 numbers for the assessment of growth were counted 72 h 

following commencement of treatment. Additional materials used in the [3H] 

thymidine assays were (Bu)2cAMP (Sigma Chem. Co.), PLP-(67-S6) (Peninsula 

Labs) , PLP-(109-l41) (Peninsula Labs) and PTH-(1-34) (Bachem). 
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Statlstlcal Analysis 

AlI results are expressed as the mean ± SEM of rcplicate 

determinations and statistical comparisons based on the Student's t-test 

Data LS representative of at least three experiments. 

Results 

Characterization of Blnd1ng of PTH and EGF to RHEK-l and RHEK-ras 

Keratinocytes 

Specifie binding of 125I-PTH-(l-34) '.las demonstrated in 

confluent cultures of RHEK-l but not RHEK-ras keratinocytes (Fig. 1) 

Addition of increasing concentrations of either PTH-(1-34) or PLP-(1-34) 

produced dose -dependent and equivalent inhibition of this binding, whereas 

addition of AC TH or CT at 10-6 M failed ta inhibit binding of the 

radio ligand ta RHEK-l cells. Scatchard analysis of the data for both PTH 

and PLP '.las consistent with the presence of high affinity (site 1) and low 

affinity (site 2) binding sites for each agonist, which were respectively 

of the same order of magnitude (Fig. 1 insert). 

Specifie binding of 125I_EGF was demonstrated in cultures of 

both RHEK-I and RHEK-ras keratinoeytes, although total specifie binding 

was much greater in the RHEK-1 cells (Fig. 2). lncreasing concentrations 

of unlabeled EGF produced dose -dependent inhibition of binding of 125 1 -EGF. 

whereas addition of 10-6 M ACTH or CT failed to inhibit binding of the 

radio ligand to either RHEK-I or RHEK-ras cells. Scatchard analysis of the 

data revealed a single elass of reeeptors in both the RHEK-l and RHEK-ras 

keratinocytes (Figure 2 insert). Treatment of the RHEK-ras cultures with 
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1 dilute acid immediately prior ta the binding assay, to remove endogenous 

ligand, failed ta influence the binding characteristics of the RHEK-ras 

cells (data nat shawn). 

Characterization of Adenylate Cyclase Activity in RHEK-l and RHEK-ras 

Keratinocytes 

We next examined confluent cultures of RHEK-l and RHEK- ras 

cells for evidence of PLP/PTH responsive adenylate cyclase activity. 

Increasing concentrations of PLP- (1-34) (Fig. 3A) and PTH- (1-34) (Fig. 3B) 

produced dose-dependent and approximately equivalent increases in 

adenylate cyclase activity in RHEK-I cells. Neither PLP-(67-86) nor PLP­

(109-141) was capable of stimu1ating adeny1ate cyclase activity, at a 

concentration of 5 X 10-7 M, in these cel1s (Fig. 3A). Pre-treatment of 

the RHEK-I cultures for 18 h with pertussis toxin (50 ng/well) resulted in 

an approxima te 5 fold enhancement of bath PLP- (1-34) - and PTH- (1-34)­

stimulated adenylate cyclase activity in cultures of RHEK-l celis. No 

increase above basal activity was seen at any concentration of PLP- (1-34) , 

PTH- (1-34), PLP- (67-86) or PLP- (109-141) tested in either untreated or 

pertussis treated cultures of RHEK-ras cells (Fig. 3A and 3B). Basal 

activity was no different in pertussis treated RHEK-1 or RHEK-ras cultures 

compared with untreated cultures. 

[3H]cAMP accumulation in respanse to other adenylate cyclase 

agonists was then examined in the two keratinocyte ce11 1ines. Increasing 

concentrations of forskolin (Fig. 4A) produced dose -dependent and 

equivalent stimulation of adenylate cyclase activity in RHEK-1 and RHEK-

ras cells A 35 ± 2 fold increase ab ove basal activity was observed in 
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both ce11 lines with the highest concentration used. Increasing 

concentrations of isoproterenol (Fig. 4B) produced dose-dependent 

increases in [3H]cAMP accumulation which reached a maximum of 37.0 !: l 0 

and 32.7 ± 1.0 fold stimulation above basal activity in cultures of RHEK-l 

and RHEK-ras cells respectively. Half maximal stimulation occurred nt 1.6 

x 10-6 M for RHEK- ras and 4.1 x 10-6 M for RHEK-l cells. Unlike the 

response to forskolin and isoproterenol, the adenylate cyclase response to 

PGEZ was great1y attenuated in cultures of RHEK-ras cells, compared with 

that in RHEK-1 cells (Fig. 4C). PGE2 at the highest concentration used 

produced a 34.4 ± 0.7 fold stimulation ove!' basal activity in RHEK-l cells 

but on1y 2.8 ± 0.1 fold stimulation in RHEK-ras cells. 

Comparison of adenylate cyclase activity elicited by pre­

treatment with cholera toxin (1 ~g/wel1) with that elicited by treatment 

with forskolin (10- 4 M) revea1ed a ratio of cholera toxin/forskolin 

stimu1ated activity of 0.73 for RHEK-l and 0.32 for RHEK-ras (Table 2). 

The reduced ratio in the RHEK-ras keratinocytes was a function of a 

reduction in cholera toxin stimulat'èd activity in those cells. 

Pre-treatment of cultures with pertussis toxin was shown to 

significantly increase PGEZ-stimulated, as weil as PLP and PTH-stimulated 

adenylate cyclase activity in RHEK-l cells but had no effect in RHEK-ras 

cells. Pre-treatment of cultures with pertussis toxin had no effect on 

isoproterenol stimu1ated activity in either cell line (Table 3). 

Homologous and Heterologous Desensitization of Adenylate Cyclase Activity 

in RHEK-l Keratinocytes 

Pre-incubation of RHEK-1 cultures for 18 h with 10-7 M PLP-(1-34) or 
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co-incubation with a 100 fold excess of the PLP receptor antagonist, PLP-

(3-34) was 5hown to abolish the adenylate cyclase activity stimulated by 

10-7 M PLP-(l-34), whereas pre-incubation with 10-7 M PLP-(3-34) or la ng 

EGF reduced activity by 3l.% and 24% respectively (Table 4). Basal 

activity, on the other hand, remained unaltered by any of the treatment 

protocols. 

Modulation of Adenylate Cyclase Activity in RHEK-l Keratinocytes by 

Extracellular Calcium Concentration 

Dose-dependent increases in PLP-(1-34)-stimulated adenylate cyclase 

ac tivi ty were progressively reduced in cul tures of RHEK-l keratinocytes in 

which ambient calcium concentrations were progressively increased (Fig. 

5). Maximally stimulating doses of PLP produced 15.0 ± 0.7 - fold, 9.4 ± 

0.3 - fold and 6.0 ± 0.3 - fold stimulation ab ove basal when medium 

calcium concentrations were 0.5 mM, 1.0 mM and 2.0 mM respectively. 

[~]thymidine Incorporation and Cell Growth of RHEK-l Keratinocytes in 

Response to PLP and EGF 

To determine whether activation of the PLP receptor was associated 

with any modification in the growth characteristics of RHEK-l cells, we 

exarined [3H]thymidine incorporation in response to treatment with 10-8 M 

PLP- (1- 34). 10 ngjwell EGF or the combinat ion of PLP and EGF in the 

presence of increasing extracellular calcium concentrations (Fig. 6). At 

low (0.5 mM) or medium (l.0 mM) calcium concentrations, PLP-(1-34) 

stimulated a significant increase in [3H] thymidine incorporation which was 

inhibited when the ambient calcium concentration was raised to 2.0 mM. 
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1 EGF stimulated activity, on the other hand, remained unaffected by the 

extracellular calcium concentration. Simul taneous treatment of the RHEK-l 

cultures with PLP-(1-34) and EGF stimulated [3H] thymidine incorporation ta 

a level which was equivalent to or greater Lhan that which was additive 

for the individual ligands, at aIl three calcium concentrations tested. 

Increases in [3H]thymidine incorporation noted at 24 h in response ta PLP­

(1-34), EGF and the combination of PLP- (1-34) and EGF were associated with 

approxin'ate1y equivalent increases in ce 11 numbers, assessed at 72 h 

(Table 5). In addition, bath PTH-(1-34) and (Bu)2cAMP treatment enhanced 

[3H] thymidine incorporation and ceU numbers in a manner analogous to PLP­

(1-34), whereas treatment with PLP-(3-34). PLP-(67-86) or PLP-(109-1l.1) 

had no effect on either parameter. Co-incubation with PLP-(1-34) and PLP­

(3-34) substantially reduced both the [3H]thymidine response and the 

increase in cell numbers noted when cultures were incubated with PLP-(l-

34) alone. 

Discussion 

These studies demonstrate the presence of functional receptors for 

parathyroid hormone-1ike peptides on immortalized human keratinocytes and 

describe several of their properties. As PLP and PTH have been shown ta 

bind ta the same receptor on other cells (7-14), we used as a radio1igand 

125I_PTH_ (1-34). previously identified as an efficacious probe for the 

amino-terminal PTH binding site in traditional target tissues (26). 

Consistent with previous reports documenting PTH receptor heterogeneity 

(12, 26, 27), we have identified two classes of PLP/PTH binding sites. 

The apparent kd of - 2 DM for the higher affinity site was the same as 
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1 that obtained in UMR 106 ce11s using identical radioiodinated ligand and 

binding conditions (28), although fewer sites/cell were evident in the 

keratinocytes compared with the osseous cells. The inability to 

demonstrate receptor binding of PLP/PTH on the H-ras transformed cells 

could reflect the absence of PLP/PTH receptors or the functional 

alteration of PLP/PTH receptors by the p21 product of the ras oncogene 

which is known to be overexpressed in this cell line (29). A single c1ass 

of EGF binding si te was demonstrated on both established (RHEK-l) and 

transformed (RHEK-ras) keratinocytes, although receptors were apparently 

greatly reduced in numbe:- in the transformed cells. Saturation of EGF 

receptors by endogenous TGFa: (18) did not appear to account ~or this 

reduction as a mild acid wash prior to bindlng, which has been shown to 

remove bound TGFtl in other systems (30), failed ta alter the EGF binding 

characteristics. These findings are consistent with other reports 

demonstrating a 10ss of EGF (TGFa) receptors in the progression of 

malignant disease (31,32). 

Consistent with the binding data was the observation that 

PLP-(l-34) and PTH-(1-34) were equipotent in stimulating adenylate cyc1ase 

activity in RHEK-1 keratinocytes. In addition, studies with pertussis 

toxin indicated that these ce11s possess an inhibitory guanyl nuc1eotide 

binding protein (Gi). However, failure of pertussis toxin treatment ta 

stimulate cAMP accumulation in the RHEK-ras cel1s indicated that over-

expression of Gi was not the primary cause of the defective adenylate 

cyc1ase activity in those cells. Forskolin produced equivalent stimulation 

of cAMP accumulation in both cel1 lines. Cholera toxin, on the other hand, 

was only about 50% as effective in the RHEK-ras cells compared with the 
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RHEK-1 cells, suggesting that a defect in Cs might contribute to the 

altered PLP/PTH-stimulated activity. PCEZ-mediated activity was <11so 

severely attenuated in the RHEK-ras cells whereas the 13 adrenE'rgic 

receptor retained full activity. In keeping with the current findings. d 

reduction in agonist stimulated cAMP accumulation has been noted 

previously in H-ras transformed ceUs (33. 34) by as yet undetenniIwd 

mechanisms. Further examination of the PLP/PTH responsive adenvlat!:' 

cyclase activity in the RHEK-I celis revealed a number of characteristics 

shared with classical PTH target celis. CeIIs maintained in a low or 

medium calcium environment elicited a better cAMP response to PLP/PTH 

stimulation, perhaps reflect ing an interac tion be tween cAMP and calc lum 

messenger systems which has been documented in ether cells (35-38) 

Prolonged exposure to ECF resulted in heterologous desensitization of PLP 

stimulated adenylate cyclase activity which could have been attributed ta 

altered Cs or receptor downregulation (39. 40). However. the decreased 

sensitivity of RHEK-ras to EGF would make ECF-induced downregulation an 

unlikely explanation for the 1ack of demonstrable PLP/PTH receptors on 

RHEK-ras ce1ls. RHEK-I cells demonstrated a greater sensitivity to 

homo1ogous desensitization than that noted previously for UMR 106 cells 

(41). As normal keratinocytes in culture are known to secrete substantial 

quantities of PLP (1), receptor downregu1ation or occupancy by endogenous 

hormone may complicate the ability to demonstrate PTH receptor binding in 

those cells. In this respect, the RHEK cell line, which fails to produce 

PLP. offers a major advantage for characterizing PTH receptors in 03 

keratinocyte model 

PLP has been invoked as a potentia1 modulator of growth in a number 
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, of cell types (42,43), and in preliminary reports, in normal keratinocytes 

(4-6). In the current studies, activation of the keratinocyte receptor 

for the amino-terminal region of PLP/PTH was associated with a modest 

increase in [3H 1 thymidine uptake and cell proliferation. This ac tivity was 

rnimicked by Bu2cAMP and noted only when cells were maintained in a low or 

intermediate extracellular calcium environment, conditions under which PLP 

stimulation of adenylate cyclase activity was optimized. Taken together, 

these observations implicate receptor mediated activation of the cAMP 

pathway in the proliferative response to PLP. Mitogenic activity in 

response to raised intracellular cAMP levels has been observed in a number 

of different cell types, including those of epithelial origin (44-46). The 

mi togenic response to amino - terminal PLP /PTH fragments was small in the 

RHEK-l cells, compared with that eHcited by EGF, but appeared to be 

enhanced when cells were co-incubated with both peptides. This is 

consistent with recent evidence which suggests that the initiation of DNA 

synthesis is elicited through the synergistic action of growth promoting 

factors binding to their specifie receptors and activating complementary 

intracellular signals culminating in the proliferative response (44,47). 

As EGF and PLP/PTH appear to mediate their activity through different 

effector pathways and each ligand has been shown to modulate activity 

elicited by the other ligand (39,40,48,49), it is not unreasonable to 

postulate that enhanced mitogenic effectiveness results from synergistic 

post-receptor interactions induced by these two peptides. 

Our studies therefore demonstrate the presence of adenylate 

cyclase-linked PLP/PTH receptors on immortalized human keratinocytes and 

show that malignant transformation of these cells with an H-ras oncogene 
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1 is associated with a defect in those receptors. In addition, we have 

found that activation of this keratinocyte PLP/PTH receptor appE'ars to 

modulate the growth characteris tics of the established RHEK-l ce 11s. 

These cell lines therefore appear to provide a suitable model in which to 

study the action of PLP in keratinocytes. 
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1 Table 1 Growth and differentiation properties of normal, immortalized 
and malignant human keratinocytes in culture. 

Cell envelopesa 

Benign 
NHK 

+++ 

Involucrin8 +++ 

Passages in cul tureb,c + 

Saturation densityC + 

Extracellular matrixa,d + 

Agar co1onit::sb,c 

Turnor formationb,c 

a. Allen-Hoffmann et al. (18). 

b. Rhim et al. (19) 

c. Rhim et al. (20) 

d . Adams et al. (21). 
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Immortalized 
RHEK-1 

+ 

+++ 

+ 

+ 

Ma lignant 
RHEK-r.:1s 

+ 

+++ 

Ht 

+t+ 

+t+ 

+++ 



f Table 2 Comparison of cholera toxin (C.Tox) stimulated and forskolin 
stimulated adenylate cyclase activity in RHEK-l and RHEK-ras 
keratinocytes. 

Agonist [3H)cAMP (cpm/well) 

RHEK-l 
Mean ± SEM 

RHEK-ras 
mean ± SEM 

C. Tox 5786 ± 992 2608 ± 194 

Forskolin 7879 ± 438 8267 ± 128 

C. Tox/Forskolin 0.73 0.32 

a. [3H]cAMP accumulation was measured in confluent cultures of RHEK-l 
and RHEK-ras keratinocytes following a 3 h pre-incubation with c. 
tox (1 jJg/we 11) or in response to 10-4 M forskolin as described in 
Materials and Methods. Values represent the rnean ± SEM of 6 
determinations and are representative of 3 different experirnents. 
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1 Table 3 Effect of pertussls toxin (P.Tox) pre-treatment on agonist 
stimu1ated adeny1ate cyc1ase activity. 

Agonist P.Tox Adenylate cyclase (% of basal)8 

RHEK-1 RHEK-ras 
mean ± SEM mean ± SEM 

PLP-(1-34)b 267 ± 15 101 ± 10 
+ 383 ± 24c 102 ± 13 

PTH-(1-~4)b 396 ± 30 93 ± 11 
+ 506 ± 14c 103 ± 20 

Isoproterenolb 2629 ± 119 3225 ± 163 
+ 2505 ± 74 2587 ± 148 

PGE2
b lè61 ± 83 200 ± 5 

+ 2625 ± 200c 207 ± 15 

a. Adenylate cyclase activity was measured in confluent layers of RHEK-l dnd 
RHEK-ras keratinocytes which had received no pre-treatment (-) or 18 h of 
pre-treatment with 50 ng/ml pertussis toxin (P.Tox) (+) as described in 
Materials and Methods. Results are expressed as a % of basal activity which 
varied between 91 ± 10 and 206 ± 13 cpm/well for RHEK-l and between 98 ± 12 
and 201 ± 25 cpm/well for RHEK-ras. Each value represents the mean ± SEM of 
triplicate determinations and 1s representative of 3 different experiments 

b. PLP-(1-34) and PTH-(1-34) were added at 5 x 10-8 M, isoproterenol at 
5 x 10-6 M and PGE2 at 10-6 M. 

c. Significant difference from -P.Tox (p<O.05). 
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Table 4 Effect of homologous and heterologous peptides on PLP­
stimulated adenylate cyclase activity in RHEK-1 keratinocytes, 

Treatment [3H]cAMP (cpmjwell)8 

-PLP +PLP 
mean±SEM me an±s EM 

Nil 166 ± 7 710 ± 27 

18 h PLP-(1-34) 163 ± 20 156 ± 20b 

18 h PLP-(3-34) 158 ± 13 470 ± 12b 

Co-incubation PLP-(3-34) 172 ± 6 174 ± 32b 

18 h EGF 171 ± 18 542 ± 17b 

a. (3H]cAMP accumulation was measured in the absence (-PLP) or in the 
presence (tPLP) of 10-7 M PL~-(1-34) in confluent cultures of RHEK-1 
keratinocytes following 18 h of pre-incubation with 10-7 M PLP-(1-34), 10,7 
M PLP-(3-34) or 10 ngjwell EGF or upon co-incubation with 10-5 M PLP-(3-34) 
as described in Materials and Methods. Each value represents the mean ± 
SEM of triplicate determinations and i5 representative of 3 different 
experiments 

b Significant difference from Nil (p<O,Ol). 
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1 Table 5 Stimulation of [~]thymidine incorporation and cell growth in RHEK-l 
keratinocytes. 

------------------------------------------ -----------

Treatment [3H]thymidine (% of basal)a 
mean ± SEM 

Ce1ls (% of basal)b 
mean ± SEM 

--------------- ----------------------- ---------------
Nil 100 ± '3 100 ±: 'J . 
PLP-(1-34) 119 ± le 139 ± 2e 

PLP-(3-34) 99 ± 1 99 l 1 
PLP - (1- 34) + PLP-(3-34) 106 ± 4 108 ± )cl 

L-

PLP-(67-86) 92 ± 2 104 ± 1 
PLP-(109-l41) 102 ± '3 105 ± 2 

PTH - (1- 34) 119 ± IC lIt. ± 2e 

(Bu) 2cAt'1P ll8 ± 2c 129 ± ,<: 
L-

EGF 136 ± 2c If.7 !: Ile 

EGF + PLP- (1- 34) 188 ~ 3c 166 1 3(' 

---------

a Incorporation of [3 H] thymidine into 30% confluent cul tures of RIiEK-l Cf' Il:, 
waS measured as deseribed in Materials and Methods follow1ng Il, h ot 
treatment with 10- 8 M PLP-(1-34), 10- 8 M PLP-(3-34) or.:l COmbll1dtlon of 
PLP-(1-34) and PLP-(3-34), 10- 8 M PLP-(67-86), 10- 8 M PLP-(l09-lhl), 10- 8 

M PTH-(l-3h), 10- 5 M (Bu)2cAMP, 10 ng/well EGF or a combinatlon of EGF and 
PLP-(1-34) Values expressed as % of basal actlvlty, represent the mean 
± SEM of ~ determinations and are representative of those from '3 separatü 
experiments. 

b Cell numbers were eounted after 72 h of treatment dnd are expres<,ed dS .l 

% of cel1 numbers counted after 72 h wlth no treatment (basal) Eaeh 
value represents the mean ± SEM of 6 determinations and lS repreSI.'ntat1vP 
of '3 separate experiments 

c. Significant difference from Nil (p<O 001) 

d. Significant difference from Nil (p<O al) 
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Figure 1. Binding of 125I - PTH -(1-34) ta RHEK-l and RHEK-ras 
keratinocytes. Binding of 1251 - PTH- (1- 34) to confluent layers of RHEK-l 
(circlE's) cells was carried out at 23° c for 2 h with 120,000 cpm 125 1_ 
PTH-(1-34) in the presence of increasing concentrations of either PLP-(l-
34) (0) or 1'11-[-(1-34) ce) or with 10-6 M AC TH or CT c~ as described in 
Material sand Methods Binding lS expressed as % specifie binding of 
total radiollgand added A single symbol for RHEK-ras cells (squares) is 
placed at 0% binding as no specific bindinf was detected. Non-specifie 
binding (,6), assessed in the presence of 10- M unlabeled hormone was 0.7 
± 0.01% for PTH and 0 6 ± 0.01% for PLP All data points represent the 
mean ± SEM of triplicate determjnations Binding parameters, assessed by 
Scatehard ana1ysis, are represented in the insert. 
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Figure 2 Binding of 125I - EGF to RHEK-l and RHEK-ras keratinocytes 
Binding of 125I-EGF to confluent layers of RHEK-l (') and RHEK-ras (0) 

cells was carried out at 23 c for 2 h wlth 42.000 cpm 125r - EGF in tlH' 
presence of increasing concentrations of EGF (cil"c1es) or with 10-6 M ACT/! 
or CT r::y) as described in Materials and Methods Billdtng is expres!:>ed <1<; 

% specific binding of total radioligand added. Non-speCifie binding (t~). 
assessed in the presence of 10- 7 M unlabeled EGF. was 2 0 ± 0 02% for RH, ~.-
1 and a 2 ± 0.005 for RHEK-ras. Ail data points represent the mean t SEM 
of tripllcate determinations. Binding parameters, assessed by Seatchard 
ana1ysis, are represented in the insert . 
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Figure~. PLP and PTH responsive auenylate cyclase activity in RHEK-l 
and RHEK-ras keratinocytes. Adenylate cyclase activity was determined in 
confluent cultures of RHEK-l (circles) and RHEK-ras (squares) cells in 
response to increasing concentrations of PLP-(l-34) (panel A) or PTH-(l-
34) (panel B) following no pre-treatment (solid symbols) or following 18 
h pre-treatment with 50 ng/well pertussis toxin (open symbols) as 
described in Materials and Methods PLP-(67-86) and PLP-(109-141), each 
at ') X 10- 7 H (Â). produced no increase in adenylate cyclase activity in 
l'ither RHEK-l ceUs or RHEK-ras cells, as shown in panel A. Adenylate 
cyclase activ1ty lS expressed as a % of basal activity which for RHEK-l 
cells WdS h)û 1- 6 cpm [3H]cAMP/well and 91 ± 17 cpm [3H]cAMP/well for 
untredted and treated ceUs respectively and in RHEK-ras cells was 130 ± 
20 cpm [3HjcAMP/well and 125 ± 12 cpm [3H}cA.'1P/weU for untreated and 
treated cells respectively. Each data point represents the mean ± SEM of 
triplicate detcrminations and figures are representative of 3 different 
experiments. 
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Figure 4, Forskolin, isoproterenol and PGE2 responsive adenylate cyclase 
activity in RHEK-l and RHEK-t'as keratinocytes, AdenyLlte cyclast' 
activity, expressed as cpm [3H]cAMP accwlIulatlon/wc> l l , WdS delerlllilied in 
confluent layers of RHEK-l (t---.) and RHEK-ras (.----.) cells in 
response to increilsing concentratlons of for.skolln (pallel A), 
isoprotereno1 (panel B) and PGE2 (panel C) as described ln Matprtals and 
Methods, Basal 1eve1s of activity for RHEK and RHEK-ras eeUs were 227 t 
3S and 207 ± 79 cpm (3H]cAMP/well for forskolin, 147 ± 18 and 190 ± 5 cpm 
3[H]cAMPjwell for isoproterenol and 190 ± 24 and 230 ± 15 cpm 3[H]cAMPjwel1 
for PGE2 , All data points rept'esent the mean ± SEM of tripllcate 
determinations and are representative of 3 difterent experiments 
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Figure 5. Modulation of PLP- (1-34) stimulated adenylate cyclase activity 
in RHEK-1 keratinocytes by extracellular calcium concentration, PLP-(l-
34) responsive adenylate cyclase activity, expressed as a percent of basal 
[3H]cAMP accumulation/well, was determined in confluent layers of RHEK-l 
cells 48 h after plating in MEM supplemented with 0.5 mM Ca (e--e), 1 mM 
Ca (.----.) or 2 mM Ca (.----.) as described in Materials and Methods. 
Basal levels of activity were 109 ± 20 cpm [3HjcAMP/well for a 5 mM Ca, 143 
± 35 cpm (3HjcAMP/well for 1 mM Ca and 89 ± 23 cpm (3HjcAMP/well for 2 mM 
Ca. All data points represent the mean ± SEM of triplicate determinations 
and are representative of 3 different experime--':s, 
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Figure 6. Modulation of PLP and EGF-stimulated [~lthymidine 
incorporation into RHEK-1 keratinocytes by extracellular calcium 
concentration. [3H] thymidine incorporation WélS determined in 30% confluent 
cultures of RHEK-l cells. plated in MEM supplemented with 0 5 mM Ca. l mM 
Ca (Ir 2 mM Ca followin\ treatment for 24 h wi th 10-8 M PLP - (1- 34) (0), 10 
ng/wûl EGF (~) or 10- M PLP-(1-34) plus 10 ng/well EGF (.) dS described 
in M..iterials and Methods. [3H] thymidine incorporation, measured as 
cpml,olell. was corrected for cell number and expressed as a percentage of 
basal activity which was measured in the abspnce of added peptide and was 
4191 ± 112 cpm [3H]thymidine/104 cells for 0.5 mM Ca, 5289 .t 91 cpm 
[3H] thymidine/104 cells for 1 mM Ca and 41.01 ± 64 cpm [3H] thymidine/l04 

ceUs for 2 mM Ca. Each bar represents the mean ± SEM of 4-6 
determinations and is representative of 3 different experiments. 
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Appendix l 

NORMAL······· .................. . • NHK 

~ 

SV40 

, 

ESTABlISHED .. • ................ 1 RHEK 1 

ras tas 

TRANSFORMEO" RHEK - ras RHEK - tas 

Figure l Derivation of non-PLP secreting keratinocyte cell 
lines. RHEK-l keratinocytes were established as a 
non-malignant cell line from normal human keratinocytes 
(NHK) following exposure to a hybrid virus Adenovirus 
l2-Simian Virus 40 (SV40). Transformation into the 
malignant RH~K-ras and RHEK-fos cell Unes was 
accomplished following transfection with activated ras 
and fos oncogenes respectively. 
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Stimulation of adenylate cyclase activlty in RIŒK-l 
keratinocytes hy amino - terminal and full leneth PLP. 
Increasing concentrations of hPLP-1-34 ( • ) and 
recombinant (r) PLP-1-141 (0) produced dose dependent 
and equivalent stimulation of adenylate cyclase activi ty 
in RHEK-l eeUs Addition of hPLP-3-34, hPLP-38-6l~, 
hPLP-67-86 and hPLP-109-141 dt 10- 611 ( Ji. ) failed to 
produce any increase in (3 B] cAMP accumulation above the 
basal level whieh was 83±12 cpmjwell. Ali points 
represent the mean'±SEl1 of triplicate determinations. 
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CHAPTER VI GENERAL DISCUSSION 

Preface 

The aims of the studies undertaken in the preceding chapters were ta 

examine the production and biological act 1 on of a parathyroid 

hormone-like peptide, PLP, which was originally associated with the 

hypercalcemia of malignancy. The data examining circulating 

concentrations of PLP provided strong evidence for a raIe for this 

peptide in the pathogenesis of rnalignancy associated hypercalcemia. 

Ta pursue this issue 1 examined the effects of neutralization of 

endogenou~ PLP on the biochemical indices of the syndrome in a weIl 

characterized rat modei of the human condition These studies 

demonstrated that PLP was both necessary and sufficient for the 

development and maintenance of hypercalcemia in this animal model. 

ln view of the fact that 1 had shawn that cancers of squamous 

ceU origin were one of the largest groups associated with both 

hypercalcemia and elevated circulating levels of PLP, my next 

project examined the dysregulation of PLP expression in a 

keratinocyte model of tumor progression. The conclusions drawn from 

these studies were that several regulatory mechanisms for PLP, which 

were present in normal keratinocytes, were altered in the 

progression ta the malignant phenotype. These findings could help ta 

explain the overproduction of PLP by squamous cancers IN VIVO. 

Apart from its PTH-like raIe in the pathogenesis of 

hypercalcemia there is a growing body of evidence pointing to an 

autocrine/paracrine role for PLP in normal physiology. My final work 

therefore looked for evidence of PLP receptor-mediated activity in 

keratinocytes, a non-classical PTH/PLP target tissue known ta 

produce PLP. Adenylate cyclase-linked receptors for PLP were 

identified in a human keratinocyte cel! line In addition, 

activation of those receptors by NH2-terminal PLP was associated 

with increased mitogenesis suggesting an auto~rine/paracrine role 

for PLP in keratinocyte cell growth. 
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1 
2 Circulating concentrations of PLP in patients with malignancy 

My study t'xamining circulating concentrations of PLP in cancer 

patients and in patients with hyperparathyroidism is one of 4 similar 

works published to date (1-4). Widely disparate immunoassay conditions 

and specificities of the individual antisera most probably account for the 

differences in absolute values between the reports This hypothesls is 

supported by the fact Chat the Surtis assay (3) recognised only about 60\ 

of the bioactive material present in rat tissue extracts (5) whereas my 

own assay appeared to overestimate the bioactive material present in 

keratinocyte conditioned medium (6). In addition, full-1ength recombinant 

PLP 1-141 was recognised at about 1/4 the potentcy of PLP 1- 34 in the 

Budayr RIA (1) whereas both peptides were recognised equa11y well in my 

own RIA (p 68). These discrepancies could account for the relatively high 

absolute values in my own work compared wi th those of others. 

Desplte these differences several important observations w~re 

shared by the four groups. First, the highest mean circulating 1evels of 

PLP occurred in patients with malignancy associated hypercalcemia (p 61). 

Reduction of tumor mass, either by chemotherapy (2-4) or by surgieal 

excision (3) resulted in reductions in both plasma Ca and plasma PLP In 

addition, in two patients studied prior to surgieal removal of tumor 

tissue (lung and carcinoid), a PLP gradient was measured betwe-en tumor 

venous effluent and peripheral plasma 30.0/7.6 and 550/44 pmol/L 

respectively). These observations provide support for the tumor-derived 

origin of the circulating peptide and also establish its importance in the 

pathogenesis of hypercalcemia associated with malignancy. 

The second observation shared by all four groups was that e levated 
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l('vels of PLP were detected in hypercalcemic patients harboring a wide 

variety of histological types of tumors including those of breast and 

hematologic origin, whose hypercalcemia has traditiona11y been associated 

with the presence of focal osteolytic lesions. My own study (2) indicated 

that about 40% of breast cancer patients had elevated circu1ating PLP 

levels (p 60) while those of Budayr (1), Burtis (3) and Kao (4) indicated 

high PLP levels in about 50%, 40% and 75% of breast cancer patients 

respectively. In aIl cases hypercalcemia corre1ated better with the 

presence of increased circulating PLP th an with the presence of osteolytic 

les ions . Further evidence in support of PLP induced hyperca1cemia in sorne 

patients with breast cancer comes from immunohistochemical studies 

showing positive staining for PLP in 60% of primary breast tumors (7) and 

48% of breast cancer rnetastases (8). 

Three of the four studies (2- /-l-) also identified lymphoma patients 

wi th elevated PLP levels. The association of PLP overexpression with HTLV-

1 infected lymphocytes in adult T-cell lymphoma has prompted examination 

of the interaction between the HTLV-l gene product, TAX, and the PLP gene 

(9). preliminary data has located a TAX responsive element in the PLP 

promoter region and identified TAX as a positive transactivator of PLP 

gene expression. 

Notable amongst reports of PLP overexpression associated with 

neoplasia are those documenting tumors of endocrine origin (10-14). Since 

one of the highest levels of NH2-terminal PLP was measured in a 

hypercalcemic patient with pancreatic cancer in my own studies, it was 

interesting to note an independent report on a pancreatic cancer patient 

having a 10 fold elevation above control levels of circulating PLP, 
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assessed with a mid-region (56-86) assay (14). 

The third consensus observation was that low 1evels of PLP could he 

detected in the circulation of sorne normal individuals (p 65). Althougll 

numerous normal tissues have been shawn to express PLP mRNA (6,10,15,16) 

and prote in (6,10,12,17-21), the IN VIVO source(s) of the circulnting 

material in normal human adu1ts remain to be defined. 

A fourth observation shared by 3 of the 4 groups (1- 3) was thE' 

presence of PLP 1evels <tbove the mean control level in sorne normocalcemic 

cancer patients. The valuos tend~d ta be lower than those detectrd in 

hypercalcemic individuals (p 61,65), perhaps reflecting a smaller tUIllor 

volume which may have produced insufficient PLP to cause hypercalcemia. In 

a study correlating PLP immunoreactnity, tumor mass and indicps of 

mallgnancy associated hypercalcemia (22), patients with the hypercalcemic 

syndrome had a larger tumor mass i. e. more PLP, than the nonnoc,llcemi c 

cancer patients. An alternative explanation for the fai lure to dC'v(> top 

hypercalcemia in patients wl th elevated leve ls of PLP could be tJw 

existence of multiple immunoreactive forms differing in biopotency 

In my own studies, gel filtration analysis of plasma taken from two 

hyperca1cemic breast cancer patients revealed both large (>15 Kd) élnd 

smal1 (6-7 Kd) molecu1ar weight immunoreactive species (p 67) This 

observation of PLP heterogeneity was in agreement with previous work 

identifying high (17 Kd) and low (6-9 Kd) molecular weight adenylatc 

cyclase stimulating activity in tumol"S associated with hypcrcalcemill (23) 

as well as work documenting a maj or 6 Kd and minor 3.4, 8 and 15 Kd 

species of PLP in medium conditioned by renal carcinoma cells in the 

presence of protease inhibitors (24). In addition, sludies using a 
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sensitive renal CBA (25), identified multiple species of PTH-like 

bioactivity in both the plasma and extracts of twnor tissue removed (rom 

hypercalcemic cancer patients. Burtis et al, using an immunoradiometric 

(IRMA) assay recognising PLP 1- 74 and a carboxy- terminal RIA which 

recognises PLP 109-138, have suggesred that PLP 1-74 and PLP 109-138 

circulate independently and that intact PLP 1-141 does not circu1ate (3). 

These conclusions were drawn when PLP 1-74 immunoreactivity was completE'ly 

abolished from the plasma of hypercalcemic cancer patients following 

immunoextraction on an anti-PLP 1-36 affinity column whereas PLP 109-138 

immunoreactivity remained quantitatively unaffected. The presence of 

multiple potential cleavage sites in the region encompassing amino acids 

88-108 was given as a possible explanation for the existence of the 

separate NH2 -terminal and carboxy-terminal fragments Preliminary data from 

this group (26) characterizing circulating NH2-terminal ?LP in the plasma 

of hypercalcemic cancer patients suggests the presence of a single specie5 

migrating with an apparent molecular weight of 25- 30 Kd. This value i5 

wel1 in excess of the predicted 10-13 Kd species resu1~ing from cleavage 

in the 88-108 region as suggested. When added to the weight of the COOH-

terminal fragment (12 Kd) the sum exceeds by far the MW of any predicted 

full length Pi.P (maximum 21 Kd for PLP 1-173). In keeping with myearller 

suggestion (p 52), this may indicate the presence of protoin- bound 

moieties in the circulation. The inability of these latter studies to 

detect the smaller fragment (6-7 Kd) identified in my own work most likely 

rests in tl,e "sandwich" nature of their assay being unable to identify 

fragments of less than 74 amine acids in length. Further characterization, 

using combinations of gel filtration, Western analysis and gel 
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elee trophoresis, as weil as the development (Jf sensi tive immunoassays 

whieh recognise intact PLP, will be required to pre.cisely define the 

circulating forms of PLP. 

Although synthetic PLP 1-36, PLP 1-74 and recombinant PLP 1-141 

appeared ta have approximately the same potency in stimulating 

hypercalcemia when infused into rats for 2 days a continuous ri se in serum 

calcium was noted in animals infused with PLP 1-36 over a Sd period 

whereas serwn calciwn levels appeared to stabilize at a Iower level in the 

animals infused wi th PLP 1- 74 (27,28). Whether this represents a real 

difference in biopotency or was a consequence of assay conditions requires 

further investigation. Neverthe1ess, characterization of the bioactivity 

of different circulating forms, once they have been defined, will be 

required in order to determine the relative contributions being made by 

these peptides to the syndrome of hypercalcemia of malignancy. 

Despi te a number of independent reports documenting overexpression 

of PLP at both mRNA (15,29,30) and protein (12,30,31) leve1.s in both 

adenomatous and hyperplastic parathyroi d glands. my assay appears to be 

the only one which detects elevations of PLP in a significant number of 

patients with either primary or secondary hyperparathyroidism (p 65). PTH 

1-34 added at a concentration of >2ug/tube was not recognised by the 

antibody in my RIA suggesting that the elevated levels detected in 

hyperparathyroid patients were not a function of cross-reactivity with 

high endogenous levels of PTH. Furthermore, preliminary data us ing 

commercial1y available RIAs (Peninsula, Incstar) suggests PLP is 

detectable in the medium conditioned by bovine parathyroid celis (32) and 

is e1evated in the plasma of sorne patients with hyperparathyroidism 
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1 (Dr.G.N.Hendyand D.Drucker M.D., personal communication). In addition, 

antiserum R14 directed against PLP 1-74 and used in the Burtis IRMA assay 

(3), detected substantial quantities of immunoreactive PLP in meditun 

conditioned by a clonai rat parathyroid cell line. This indication that 

several different antisera, raised by independent investigators, recognise 

PLP as a secretory product of parathyroid celis provides supporting 

evidence that PLP could be released into the circulation of sorne patients 

with hyperparathyroidism. 

Overall, subsequent studies have therefore substllnt iated and 

extended my own observations l'egarding circulating concentrdtions of NH2-

terminal PLP in the plasma of patients wi th mal ignancy. However, 

discrepancies regarding PLP levels in patients with hyperparathyroidism 

await further clarification as does identification and characterization of 

the circulating molecu1ar forms of PLP. 

3 Pauive immunization against PLP in an animal model of HHH 

Despite indirect evidence (33-38) that PLP is a pathogenetic clgent 

in the hypercalcemia associated with the Rice - 500 Leydig ce Il tumor, 

direc t measurement of circulating concentrations of PLP in th i5 animal 

model were only recently reported (39). Due ta the striking homology 

between rat and human pept hies in the 1-111 region of PLP, an IRMA assay 

developed to measure human PLP 1-74 (3) was modified ta measure rat PLP. 

Whereas 50% of normal human subjects had detectable PLP levels using this 

assay, PLP was undetectab1e in a11 control rats suggE'sting the peptide 

does not circulate under normal conditions in these animals. However, in 

keeping with my own studies (40) and those of others (41-43), tumor 
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bearing rats in the Caich study developed hypercalcemia about la days 

following tumor transplantation. A concomitant rise in plasma PLP 

accompanied the hypercalcemia and a strong positive correlation was 

demons trated between circulating levels of PLP and cale ium as well as 

between plasma PLP and tumor size. In addition, tumor excision resulted in 

a reduction in plasma calcium to control levels and a return of plasma PLP 

to unde tec tab lf~ wi thin 24h. 

In my own passive immunization studies, hypercalcemic tumor-bearing 

rats treated with a bolus dose of antiserum directed against NH2 - terminal 

PLP demonstrated a similar rapid decline in plasma calcium (onset at 5h), 

with levcls dropping in"o the normal range by 24h (40). Therefore, studies 

measuring plasma PLP levels in hypercalcemic rats complemented my own 

passive immunization studies which demonstrated the pathogenetic role 

played by PL? in the hypercalcemia associated wi th the Rice 500 Leydig 

cell tumor. 

As discussed earlier (p 22), infusion of PLP into rats elicited 

biological responses similar to those observed in the hypercalcemic rat 

bearing the Leydig ce 11 tumor i. e. hypercalcemia, hypophosphatemia, renal 

phosphate wasting, increased excretion of cAMP, mild metabolic alkalosis 

and increased circulating l, 25(OH)2D3' A large body of data accumulated 

from IN VITRO experiments using kidney cell, tissue and organ culture, 

points to a central role being played by the kidney in the development and 

maintenance of these biochemical abnormalities. Using an isolated, 

perfused rat kidney, physiological doses of PLP 1-34 and PTH 1-34 were 

shown to be equipotent in a dose-dependent manner in inc)· ... asing cAMP and 

phosphate excretion while decreasing that of calcium (44). However, in 
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other studies, only PLP was shown to influence hydrogen and bicarbonate 

ion excretion. Perfusion of a rat kidney with PLP 1-34 decreased urinary 

pH (45) while PLP 1-141 was shawn to decrease bicarbonate excretion (46). 

On the other hand, perfusion with PTH 1-34 had no effect on either 

hydrogen or bicarbonate ion transport. These apparently PLP-specific 

effects on acid-base balance rnay help to explain the relative alk .. 1 li 'is 

associated with hypercalcemia anc' mal ignancy compared with the metaboJ ie 

acidosis associated with hyperparathyroidism. The apparent speeiflcity for 

PLP may reflect different receptor classes (47), preferential use of 

alternative second messengers (48) or, in the case of PLP 1-141, a 

different receptor for a sequence outside of the 1- 34 region of the 

rn01ecu1e. (46). In a further attempt ta explain acid-base differences 

manifested in malignancy and hyperparathyroidism, the sodium-hydrogen 

antiporter was examined in opossum kidney (OK) cells. (49) The NH2- terminal 

fragments of PLP and PTH were, however, equipotent in inhibiting 

amiloride-sensitive sodium transport making it unlikely that this was the 

source of the difference. 

The PTH responsive opossum OK cell line, which has morphological and 

transport properties characteristic of proximal tubular cells, was used ta 

study the effects of PLP on sodium dependent phosphate transport 

Synthetic PLP 1- 36 and PTH 1-34 inhibi ted sodium-phosphate co- transport in 

OK cells in an equivalent manner (50). The inhibitory activity was shown 

by others to be mimicked by forskolin and Bu2cAMP and to be inhibi ted by 

the antagonist PTH 3 - 34 (51) suggesting mediation through a PTH receptor 

by a cAMP dependent mechanism. An extension of these studies was 

undertaken, aimed at defining the mechanism responsible for altered 
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phosphate metabol ism in the Leydig twnor bearing rat. Sodiwn-dependent 

phosphate transport was examined in renal cortical brush border membrane 

vesicles prepared from kidneys removed from animals at timed intervals 

following tumor implantation (43). A specifie, persistent impairment of 

sodium-dependent phosphate uptake was demonstrated as early as 5d post 

implant, well before overt hypercalcemia and hypophosphatemia occured. The 

impairment was shown to increase over time but ta be independent of the 

plasma calcium level of the rat from which the kidney was removed. 

In my own studies using tumor-bearing rats, the effects of PLP 

immunoneutralization appeared ta be greater on calcium metabolism than on 

phosphate metabolism (40). Plasma and urinary calcium changes were rapid, 

marked and prolonged compared with the modest and transient changes in 

plasma and urinary phosphate (P 91,92). Perhaps this reflected the 

~ersistence of impaired renal phosphate transport, even in the absence of 

endogenous PLP, as suggested by the Sartori study (43). 

The earliest effect (5h) of PLP immunoneutrali2;ation noted in my 

study was an augmentation of urinary calcium and magnesium excretion, 

accompanied by a decrease in plasma calcium (P 93,94). Administration of 

an inhibitor of renal calcium reabsorption to hypercalcemic rats bearing 

the Walker 256 carcinosarcoma resulted in the same early alteration in the 

renal handling of magnesium and calcium (52). This study not only supports 

my own data indicating an early renal response ta neutralization of 

endogenous PLP but re- emphasises thd distal tubular transport mechanism 

shared by calcium and magnesium. 

In the rat mod(' l of malignancy associated hypercalcemia, 

(' irculating 1, 25 (OH) 2D3 i5 ab ove normal as it is in hyperparathyroidism. 
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1 In contrast, l,25(OH)2D3 levels are either normal or depressed in the humeln 

syndrome of malignancy associated hyperca lcemia. lntus ion of mice w! th 

amino terminal fragments of either PLP or PTH elicited equipotent time and 

dose dependent increases in 25 hydroxyvitamin D la-hydroxylase activity in 

kidneys removed following the infusion (53). Plclsrna calcium and phosphdte 

levels showed the expected rise and fall respectively in response ta both 

peptides. As no data was given for circulating l, 25(OH)2D3 in these latter 

studies the results regarding enzyme activity are more difficult to 

interpret. However, the results are consistent with IN VIVO data a:1d 

suggest increased 25 hydroxyvitamin D la-hydroxylase activity, stimulated 

by endogenous PLP, is responsible for the increased levels of circulating 

l,25(OH)2D3 in the tumor-bearing rat Although small sample volume 

prevented direct measurement of l,25(OH)2D3 levels in my own study, a 

reduction in the level of this steroid following PLP immunoneutralization 

most probably occurred and could have contributed to the prolonged period 

of normocalcemia following antibody treatment. 

The action of PLP in the kidney therefore appeared ta be making a 

major contributio~ ta the biochemical abnormalities present in the Leydig 

twnor-bearing rats and passive immunization against NH2 -terminal PLP 

~esulted in early and pronounced ~hanges in those abnormalities. 

In addition to the contributior.s made by the kidney, the action of 

PLP in bone has been shown to be an important factor in the development 

and maintenance of malignancy associated hypercalcemia. Quantit"ative 

histomorphometry performed on bone sections of hypercaicemic humans (54) 

rats (42) and ~ice (55) bearing tumors revealed a characteristic 

dissociati~n of resorption and formation (increased resorption, decreased 
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formation) eompaled with the coupled inereases in both parameters seen in 

hypcrparathyroidlsm The catabolie action of PLP in bone has been weIl 

docurnented both IN VIVO (p 23) and IN VITRO. Despite conflicting reports 

on the relative potencies of NH2-terrninal PLP and PTH in aetivating second 

messenger systems (p 26) in bone cells the two peptides appear to be 

qualitatively and quantitatively similar in their eapacity to stimu1ate 

bonc resorption. Thus, using the tetal rat long bone 45Ca re1ease assay as 

an index of activity, PLP 1-34 and PTH 1-34 demonstrated equivalent, dose-

dependent activity which was qualitativ,:'ly similar with respect to 

in~ibition by ealcitonin and glucocorticoids (56). Simi1ar results were 

obtained in a 'onata1 mouse calvarial assay '",here PLP and PTH appeared to 

have approximate1y equa1 potency in stimulatHlg 45Ca release (57). 

The mechamism(s) by which PTH/PLP stimulate osteoclastie bone 

resorption remain undefined al though there is general agreement amongst 

investigators that resorption is mediated by osteogenie ceUs. Several 

reports have documented PLP/PTH stimulated release of soluble 17 resorption 

factors n, varying in apparent size from 2-110 Kd, by osteosarcoma cells 

in culture (58-60). Conditioned medium removed from SAOS-2 cells whi.ch had 

been incubated in the presence of PLP 1-74 stir1ll1ated 45Ca release from 

rat bones in culture but f.'liled to stimu1ate adenylate cyclase activity in 

the ROS bioassay The latter obsPfvation suggested that the resorptive 

activity (45Ca re1ease) was not a function of res idual bioactive PLP 1-74 

in the medium. As the size of the partial1y purified "f(;!sorptive factor" 

was 9 kD, the same size as PLP 1-74 1 furthE~r characterization and 

sequencing will be required to determine if it is indeed a novel protein, 

a fragment of sorne existing cytokine or residual PLP which was 
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1 biologically inactive. An alternative means by which PTH-like peptides 

cou1d mediate bone resorption wou1d be by local stimulation of cytokines. 

Bath rat osteosarcoma cells and primary cultures of osteoblast-like 

cel1s derived from fetal rat ca1varia have been shawn ta secrete 

Inter1eukin-6 (IL-6) in ta the culture medium in response to st:mulation 

with either PLP or PTH (61). In addition, recombinant IL 6 stimulated bone 

resorption in metacarpal explants containing only osteoclast precursors 

but not in explants of radii which cr,ntained mature osteocLtsts It was 

suggested that IL-6 could be involved in the recruitment of asteaclast 

precursors from bone marraw rather than acting directly on mature 

osteoc1asts. 

The sustained reduction in urinary calcium excretion in association 

with normal plasma calcium levels following passive immunization with PLP 

antiserum in my own studies was most probably a function of a reduced 

fi1tered load of calcium consequent ta diminished efflux of calcium from 

bone (p 93). As discussed earlier, a reduction in circulating 1,25(OH)2D3 

cou1d a1so have contributed to this period of normocalcemia. An additional 

indication that bone healing may have been taking place following 

neutra1ization of endogenous PLP was the progressive rise in plasma 

a1ka1ine phosphatase levels during this period (p 91) In support of thiS 

observation are studies documenting PLP inhibition of cell growth and 

alkaline phosphatase activity in ROS 17/2.8 cells (62) and inhibition of 

3H proline incorporation into col1agenase-digestible pratein of fetal rat 

calvaria following three days of treatment (63). These inhibitory effects 

of NH2-terminal PLP on bone cell growth and collagen production were, 

however, mimicked by NH2-terminal PTH and therefore would not appear to 
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c explain the apparent discrepancy between " coupled " and " uncoupled" 

actlvlty ln hyperparathyroidism and malignancy associated hypercalcernia 

respectively Continued identification (64,65) and characterization 

(66,67) of PLP/PTH responsive osseous target cells as well a! development 

and evaluation of PLP/PTH sensitive osteogenic cell Iines (68,69) from the 

multiplicity of cell types present in skeletal tissue should help to 

explain the process of bone resorption in general as well as anomalies in 

bone turnover assoc iated with hyperparathyroidism and hypercalcemia of 

malignancy. 

The ~.ack of significant biochemical changes in control animals 

treated with antiserurn against PLP in my studies (p 93-96) is not 

surprising in view of the inability to detect circulating levels of the 

peptide in normal rats (39). This latter finding therefore supports the 

conclusion l arrived at regarding PLP playing no role in the mineral 

metabolism of the normal post-natal rat (p 82) 

4 Dysregulation of PLP expression in a model of tumor progression 

Little is known regarding the regulation of PLP production in either 

normal or neoplastic ceUs or tissues. Human keratinocytes in culture were 

the first normal cells shown ta express PLP mRNA (70) and ta secrete PLP 

lnto the surrounding medium (6). lt i5 not known if these cells are the 

source of the peptide in the systemic circulation of normal individuals 

although affinity purification of keratinocyte conditioned medium (71) 

yielded 3 distinct PLP species with estimated weights of 8-17 kd which 

approxirnated those identified in my gel filtration analysis of human 

plasma (2) l have extended receilt studies examining the regulatory 
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effects of growth factors and l, 25(OH)2D3 on PLP expression and secret ion 

in normal human keratinocytes (6) by examining the dysregulation of PLP 

production in a keratinocyte model of turnor progression (72) The 

established cell Une, HPKIA, used in this work retains many features 

characteristic of normal keratinocytes (p 119) including those of 

regulated PLP production. In addition, their indefinite lifespan in 

culture offars an advantage over normal keratinocytes, which senesce dfter 

several passages, requiring constant renewal from sources which may differ 

in PLP expression The well characterized mal ignant nature of the ras-

transformed ceUs, HPKIA- ras (p 119), coupled wi th the i r overproduct ion of 

PLP make them an ideal source in which to study the mechanisms of 

dysreguldtion of PLP expression. 

In the former s tudies (6), normal keratinocytes were shawn ta 

respond to serum and growth factor stimulation with a rapid and transient 

increase in PLP .nRNA. Chimeric constructs, containing different s lze 

fragments of the 5' flanking region of the PLP gene Unked to a growth 

hormone reporter gene, demonstrated both serum and growth factor enhanced 

PLP promoter activity when transfected into normal human keratinocytes As 

no characteristic serum responc;ive sequence has been identified ta date in 

the 5' flanking region of about 1 kb of the rat gene (73) and more than ) 

kb of the human gene (74), the elements conferring responsivenes in the 

latter studies are either novel or lie further upstream of the known 

sequence. Using the same technique, an inhibitory, cis-acting elemenl 

responsive to 1,25(OH)2D3 was identified in the promoter region of the PLP 

gene. Whether or not the resistance to serum and 1,25 (OH)2D3 noted in my 

own studies in the malignant HPK1A-ras cells (p 126,130,131) lies at the 
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1 level of gene transcription remains to be determined. Preliminary data 

indicates that the resistance to 1.25(OH)2D3 lies somewhere beyond the 

process of binding to its cytosolic recf'ptor (75). Both established and 

ma lignant keratinocytes demons trated 1.25 (OH)2D3 binding charac terist ics 

which were similar ta those found in normal keratinocytes. These included 

.eceptor number. affini ty and migration pattern of the receptor/ligand 

complex on a sucrose density gradient. 

In addition ta growth factors. serum and 1. 25(OH)2D3' 17& estradiol 

(EZ) has been shawn to regulate PLP rnRNA expression in rat myometrial 

tissue. Elevated levels of PLP rnRNA had been noted in the myometrium of 

rat uteri as early as Bd of gestation (5). Levels remained elevated above 

those of non- gravid uteri for about lOd then increased sharply ta term and 

declined rapidly following parturition. Although the latter sharp increase 

was thought to be stretch induced and was attributed directly ta 

increasing slze of the feto-placental unit, the early increase was not 

adequately explained Subsequent studies. therefore examined the effects 

of exogenous 17g estradiol on uterine PLP expression in ovariectomized 

rats (76). A rapid and transient increase in PLP mRNA was se en in uterine 

tissue removed from EZ treated animals compared with control animaIs 

treated with vehicle demonstrating the E2 inducibility of the PLP gene. 

While peak levels of activi ty occ\:rred at 2h after commencement of 

treatment in the latter study. maximwn levels of PLP mRNA induction were 

noted at Ih in serum stimulated normal keratinocytes (6). at 6h in serum 

stimulated established and malignant keratinocytes (72) and at 2h in rat 

1s1et cells treated with sodium butyrate (77). Despite variability 

regarding the time of maximum activity, all of these studies indicate a 
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i rapid onset of PLP mRNA induction subsequent to stimulation with a widp 

variety of agents. In addition, two reports (77,78) have documentcd 

superinduction of PLP mRNA following cyclohexim~de treatment. Tnkpl1 

together, these observations give credence to the hypothesis that PLP may 

belong to a family of early response genes such as thos~ which have b(,(,11 

implicated in celi growth (79). 

Unlike the rapid and tran'3ient induci~iIity of PLP mRNA out:lined 

above, E2 induced activi ty in early passage cultures of primary rnt 

myometrlal cells appeared to peak at 24h and was maintained over a Sel 

period in association wi th secretion of PLP into the surrounding mediulIl 

(80). However, a significant reduction in PLP expression and secretion 

after two passages suggests a requirement for further characterizatioll 

before these cells can be considered a suitable mode l in which to s tudy 

PLP gene expression. In contrast, the characteristics of PLP expr€'ssion 

and secretion remained constant over more than 50 passage-s in the HPKIA 

and HPK1A-ras ceUs used in my own studies (72). 

ln light of thé E2 inducibility of PLP mRNA, transient tansfection 

analysis of fragments of the PLP gene promoter have been initlatpd in an 

attempt to identify an E2 responsive element (31). Co-transfection of 

fusion constructs and an estrogen receptor expression plasmid conferred E2 

responsiveness to a receptor naive monkey kidney celi line. As was the 

case with serum and 1,25(OH)2D3 in our own studies (6), no consensus E2 

responsive sequence was detected in any of the fragments shown to cnhance 

reporter gene activity. However, treatment with dexarnethasone cornpletely 

abolished the E2 enhanced activity of even the srnallest (O.2kb) construct 

suggesting the presence of a negative glucocorticoid responsive element in 
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this region. The existence of such an element has been alluded to in other 

studies demonstrating glucocorticoid-dependent decreases in PLP rnRNA in 

human neuroendocrine cell lines (82,83) as well as in the rat islet cell 

line (77). 

Overall, these observations regarding transcriptional regulation of 

the PLP gene suggest the involvement of a complex alld interdependent 

network of factors. The precise genetic localization and identity of the 

responsive plements, as well as characterization of their interactions 

with one another, will require extensive investigation. 

Before the development of specifie irnrnunoassays to measure PLP 

directly, early studies looking at PLP secretion used the adenylate 

cyclase bioassay as an index of the amount of PLP present in conditioned 

medium. One of these studies examined the regulation of PLP secretion from 

human osteosarcoma cells using serum, EGF and 12-0-tetradecanoylphorbol­

l3-acetate (TPA) as secretagogues (84). Combinations of 10% serum and EGF 

or 10% serum and TPA were shown to increase bioactivi ty in conditioned 

medium and to stimulate PLP mRNA expression in the cells. The relative 

contributions made by the individual agents to the stimulatory response 

could not be assessed as no attempt was made to measure either basal 

secretion or secretion in response to single agents. A similar study 

examining PLP production by cultured normal keratinocytes reported 

increased bioactivity in serum-stimulated cells but no significant 

difference in activity from control in cells treated with calcium, EGF or 

l,25(OH)2D3 (85). These observations differ considerably from our own which 

showed increased PLP secretion in response to a high extracellular calcium 

environment as well as a dose dependent decrease in PLP production in 
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response to 1,25(OH)ZD3 in normal keratinocytes (6). In addition, both 

established and ma1ignant keratinocytes demonstrated dose d~pendent 

responses to serum, EGF and 1,25(OH)ZD3 at the 1eve1 of mRNA (p 126) and 

secreted protein (p 130,131). A1though bioactivQ PLP was shown to 

correlate well with immunoreactive PLP in the latter studies, the 

radioirnmunoassay may be a more sensitive index of altered secretion than 

the bioassay used in the former studies. Variations in culture conditions, 

length of the stimulation period or the use of a resting (serum-free) 

period prior to stimulation cou1d a1so account in part for the observed 

differences between the two studies. 

The remaining reports, with the exception of two documenting the 

regulation of PLP secretion in neuroendocrine tumors (86,87), examine the 

ro1e played by calcium in the PLP secretory response. Various 

investigators have shown that raising the extrace11u1ar calcium to 2.5mM 

or more had no effect (32), minimal effect (88) or a significant effect 

(89) in reducing the rate of PLP secretion from bovine and rat 

parathyroid cells. On the other hand, human keratinocytes (6,90) and rat 

Leydig tumor cel1s (91) cultured in a high calcium environment produced 

more than 100% more PLP th an the same cell type cultured in a low calcium 

environment. In addition, treatment of lung cancer cells in culture with 

the calcium ionophore, ionomycin, resulted in an increase in both 

intracellular calcium and PLP secretion within minutes (92). Addition of 

the phorbol ester phorbol myristate acetate (PMA) or phospholipase-C to 

the culture medium resu1ted in the same rapid onset of PLP secretion 

suggesting involvement of the prote in kinase C pathway in this response. 

As a positive correlation is known to exist betwcen extrace1lular and 
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intracellular calcium levels (93) , these preliminary experiments 

Jmplicating intracellular calcium transients and the calcium messenger 

system in the PLP secretory response lend support to my own data (90) as 

weIl as that of others (91) demonstrating the modulation of PLP secretion 

by extracellular calcium. 

Treatment of the Leydig tumor cells with cycloheximide abolished 

the calcium-enhanced PLP response whereas treatment with transcriptional 

inhibitors did not. The calcium induced changes in PLP secretion from the 

lung tumor cells remained unaffected by either transcriptional or protein 

synthesis inhibitors. However, as the latter experiments were conducted 

over a very short (l5min) time course an effect of either agent occurring 

at a later time point could have been missed. The failure of 

transcriptional inhibitors to alter the calcium-induced Increment in PLP 

secretion is in keeping with our own transient transfection studies in 

which HO calcium responsive element could be identified in the PLP gene 

promoter (6). Further investigation wi 11 therefore be required to identify 

the mechanisms involved in the regulation of PLP production by 

extracellular calcium. These studies could have implications IN VIVO where 

elevated calcium levels could exacerbate the hypercalcemic syndrome in 

malignancy by promoting the secretion of PLP from tumor tissue. 

The regulation of PLP gene expression and secretion has also been 

studied in the lactating mammary gland IN VIVO. Unlike keratinocytes, in 

which PLP is a constitutive secretory product, it appears to be expressed 

and secreted in mammary epithelia only during pregnancy and lactation. 

Because PLP was initially characterized as a calciotropic hormone attempts 

were made to identify it as the unknown factor responsible for the 
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mobilization and transfer of large quantities of calciwu into milk dllring 

lactation. Thus, examination of the mammary tissue of rats revt'aled a 

single 1.5 kb PLP transcript appearing at the onset of lactation and 

reaching a maximum level of expression at 24h postpartum (94) PLP 

continued to be expressed at a high level over the next 20 days in the 

continlled presence of the litter. Removal of the pups, however, resulted 

in a rapid decline in PLP rnRNA to undetectable levels hy 4h. Re-

introduction of the litter at this point resulted in a rapid induction of 

PLP rnRNA whereas re-introduction of the litter following cessation of 

lactation failed to induce the message, demonstrating a requirement for 

lactation not just suckling. Translation of PLP mRNA was verifled when 

extracts of lactating mammary gland were shown to stimulate adenylate 

cyclase activity in the rat osteosarcoma bioassay. 

The time course for the suckling-induced appearance of PLP mRNA in 

this model closely resembled that reported for the rise in serum Qrolactin 

following the onset of suckling in the rat (95). Further examination of 

the lactating rat model (96) revealed a close temporal relationship 

between the rise in serum prolactin and the induction of mammary PLP mRNA. 

A 20 fold increase in serum pro lac tin which was induced by suckling was 

followed several hours later by a 20 fold increase in PLP mRNA in the 

mammary tissue. Given the 10 fold increase in serum prolactin that occurs 

4-6h prior to parturition in the rat (95) and the fact that induction of 

PLP rnRNA by prolactin is well established by 2h, the lack of demonstrable 

PLP rnRNA in mammary tissue at the time of parturition in the earlier study 

(94) was puzzling. However, a later report using a more sensitive method 

for detecting 10101 abundance rnRNA not only confirmed high levels of 
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c expre~sion during lactation but also documented the presence of PLP rnRNA 

in non-lactating mammary glands during late pregnancy (97). 

Earlier studies had implicated pro1actin in the mobilizatlon of 

maternaI calcium and phosphorus during mi1.k production (98,99). As 

prolactin had been shown to have no direct effect on minera1 mobi1ization, 

these latter studies raised the possibi1ity that PLP might be the agent 

through which prolactin was working. To de termine whether this locally 

produced PLP was released into the maternal circulation, immunoreactive 

PLP levels were measured in the serum of lactating and hyperprolactinemic 

women. Despite up to 15 fold e1evations ab ove the upper 1imit of normal 

for pro]actin , circulating levels of PLP in pre-partum and post-partum 

women, as well as women with hyperprolactinemia, remained within the 

normal range (100,10l).On the other hand, up to 10,000 fo1d e1evations 

above normal clrcu1ating leve1s of amino-termina1 PLP were detected in 

unprocessed human, bovine and rat milk as wel1 as in samp1es of commercial 

milk products including infant formulas. Therefore, although PLP produced 

locally in the breast in response to elevations in serum prolactin did not 

appear ta gain access to the maternal circulation it was released in large 

quantities into milk, perhaps to play a ro1e in neonata1 calcium 

homeostasis. Further evidence that PLP produced locally in 1actating 

mammary tissue does not enter the maternaI circulation came from passive 

immunization experiments in lactating mice (102). Immunoneutralization of 

PLP in lactating mice had no effect on maternai serum calcium, milk 

calcium and phosphorus concentrations or on maternal bone calcium content 

suggesting PLP was not involved in the mobilization of calcium and 

phosphorus from the mother for milk production. Using the goat as a model 
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of lactation a small PLP gradient was demonstrated between the systemic 

circulation and mammary venous effluent (103). However the PLP values 

reported for the maternal circulation were approximately 5000 fold less 

than those reported for the milk suggesting a re1ative1y unimportant rol(·. 

if any. being played by the peptide in maternaI minerai mobilization. 

The possibility r3mained that PLP could be responsible for the 

transfer of calcium from blood to milk. Although a recent study showed a 

reasonable correlation between the plasma level of PLP and the duration of 

lactation in cows (r-O.67). the data correlating plasma PLP with milk 

calcium content was less convincing (r-O.35)(I04).It wou1d a1so be 

difficult to justify the requirement for levels in excess of 5x103 times 

normal circulating levels of PLP for the transfer of calcium into milk IN 

VIVO. A more likely explanation for the high levels of PLP in milk is that 

it plays sorne physiological role in tne neonate. 

A wide variety of cell types have therefore been shawn to express 

and secrete PLP in a regulated manner both IN VITRO and IN VIVO although 

the function of the secreted protein under normal circumstances remains 

undetermined. 

5 Adenylate-cyclase linked PLP receptors on human keratinocytes. 

The SV40- transformed keratinocyte cell Unes (p 164) were 

specifically selected for PLP receptor studies because they do not secrete 

PLP. Neither immunoreactive nor bioactive PLP was detected in the 

conditioned medium (concentrated up to 20 times) which was removed from 

cultures of RHEK-l. RHEK-ras or RHEK- fos celis (unpublished observations) 

188 



Characterization of the binding of l25 J - PTH and activation of 

adenylate cyclase in the RHEK-fos cells revealed acti'l:y similar to that 

obtained for the RHEK-l keratinocytes (l05). l was, therefore, able to 

demons trate specifie bi nding of 1251 - PTH and activation of adenylate 

eyclase in both established (106) and malignant (105) keratinoeytes which 

nn longer secreted PLP. The ability to demonstrate PLP receptor binding 

and activation only in the absence of endogenous ligand is not 

unprecedented. SAOS-2/B-10 cells, which were sub-eloned from the plrent 

SAOS-2 line, expressed and seereted PLP during early passages but showed 

no evidence of the PLP responsive adenylate cyelase activity which was 

characteristic of the parent cells (84). In later passages however, the 

ceils ceased to express and secrete PLP but developed a strong adeny1ate 

cyclase response to PLP. In addi tion, mouse embryonal carcinoma cells were 

shown to express PLP rnRNA and PLP receptors during the process of 

differentiation ta parietal endoderm (107). However, no immunoreactive PLP 

could be detected in the medium conditioned by differentiated cells 

despite the presence of a strong signal on Northern analysis. Therefore, 

no study to date has demonstrated the presence of functional PLP /PTH 

receptors on a PLP secreting cell, perhaps reflecting a desensitization 

and/or downregulation of receptors by endogenous ligand. Sllpporting 

evidence cornes from the observations made in my own stlldy (106) that not 

only were PLP receptors present at a low concentration on the RHEK-l 

keratinocytes (p 158) but a1so showed a much greater sensitivity to 

homologous downregulation th an had been previously demonstrated in other 

cel1 types (p 156). A preliminary report has identified a 10waffinity 

binding protein for PLP on several malignant keratinocyte cel1 lines which 
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1 also secreted PLP (l08). However, as binding of 12SI_PLP could not be 

associated with activation of ;my transduction me\~hani sm the authors 

suggested it did not represer,t a true receptor. The same report also 

documented stimulation of intraceilular calcium transients in bath normal 

and malignant squamous cells, similar to those which have bef'rt observed in 

other ce11s in response to PLP/PTH stirr.u1ation The ECso of 0.08 nM 

suggested the presence of a high afftnity receptor for PLP on those cells. 

Therefore, in support of my own observations identifying bath high ,md low 

affinity binding sites for PLP on human keratinocytes (p 158) these 

investigators had apparently identified a 10w affinity site and suggested 

the existence of a high affinity site. The inabi1ity to detect a cAMP 

response is puzzling although not entirely inconsistent with my own data 

which failed to identify either a receptor or a cAMP response in the ras 

transformed keratinocytes. l attributed this anomaly in part to 

overexpression of the p21 product of the ras oncogene. Although this 

protein is located on the inner side of the plasma membrane and binds GTP 

and GDP in a manner analagous to the guanyl nucleotide regulatory proteins 

(109), there is no evidence to date that it regu1ates adeny1ate cyclase 

aetivity by mimieking either Cs or Gi (110). However, an overabundance of 

the protein cou1d Interfere with the normal functioning of the regu1atory 

C proteins. This hypothesis is supported in my own studies documenting a 

defect in both PLP (p 160) and PGEZ (p 161) stimulated adeny1ate cyclase 

aetivity in ras transformed eeUs compared with established dnd fos 

transformed ce11s (lOS, 106). However, overexpression of p2l seems an 

un1ike1y explanation for the lack of PLP responsive adenylate cyc1ase 

activity in severa1 different squamous cancer ce11 lines as weIl as in 
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normal keratinocytes in the Orloff study. These discrepancies therefore 

warrant further investigation. 

The rat pancreatic islet cell may well prove to be an alternative 

model in which to stuc.!y a potential autocrine/paracrine role of PLP. 

Normal rat islet cells in culture have been shawn ta express PLP rnRNA 

which is translated into peptide and secreted into the surrounding medium 

(10). In an unrelated study, PTH was shown to stimulate glucose-induced 

insulln release from rQ~ pancreatic islets (111). As PLP and PTH are known 

ta interact with the iame receptor the possibility is raised that PTH 

receptors on the rat islet cell could be activated by endogenously 

produced PLP. In the latter studies, at low concentration, PTH stimulated 

an increase in both cAMP and intracellular calcium as weIl as augmenting 

phorbol ester and glucose-induced insulin release. In addition, these 

actions were shown to be modulated by the extracellular calcium 

concentration The action of PTH in stimulating insulin release from 

pancreatic islet cells therefore appeared to involve more than one 

transduction mechanism. Although these latter studies w<~re carried out 

using NH2-terminal PTH the observations are in keeping with my own studies 

in keratinocytes using NH2- terminal PLP (106). PLP stimulated cAMP 

accumulation and mitogenesis in the established RHEK-l cells were both 

modulated by the extracellular calcium concentration (p 162,163). In 

addition, PLP stimulated mitogenesis appeared ta be enhanced in the 

presence of EGF suggesting an interaction between the transduction 

mechanisms of these two peptides (p 163). 

Most studies to date have examined the binding, signal transduction 

and biological action of amino-terminal PLP. There are, however, 
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1 severa1 indications that the region beyond PLP 1-34 may have physiologieal 

re1evance. These inc1ude the potential for variable proeessing of the 

human gene giving rise to 3 proteins with different carboxy termini. the 

extensive conservation in amino acids 35 -111 between rat and human 

peptides and the presence of multiple potential c1eavage sites between 

positions 88 and 108. Using recombinant (r) PLP 1-141 (112) l have 

initiated studies comparing the actions of the full length peptide with 

that of NHZ- terminal and mid-region fragments on RHEK-I keratinocytes 

Preliminary data indicates that unlike NH2 -terminal PLP and PTH which 

stimul~te growth in these cells, (r) PLP-1-l41 appears to inhibit growth 

in RHEK-1 celis (113). Supporting evidence for an inhibitory role for PLP 

in keratinocyte growth cornes fcom preliminary studies in which PLP­

producing HPKIA keratinocytes were infected with a retroviral vector 

expressing PLP in an antisense orientation (114) . Inhibi tian of 

translation of endogenous PLP rnRNA in infected ceUs resul ted in a 

dramatic reduction in secreted PLP accompanied by an increase in cell 

growth. 

A1though PLP 1-141 and PLP 1-34 were equipotent in stimu1ating 

adeny1ate cyclase activity in RHEK-1 ce11s (p 165), co-incubation of PLP 

1-141 and PLP 3-34 fai1ed to prevent the inhibition of RHEK-l cell growth 

This suggested that the effect was mediated outside of the sequence 

required for adenylate cyclase activation. Incubation of RHEK-l cells with 

different fragments of PLP which encompassed almost the entire 141 amino 

acids failed to alter mitogenic activity indicating the presence of the 

full length recombinant molecule was required for the inhibitory effect. 

ln a few other instances. biological activity has been attributed ta 
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sequences of PLP and PTH outside of the 1-34 region. PLP 75-86 has been 

implicated as an active fragment in the transfer of calcium and magnesium 

across the ovine placenta (115) and PLP 1-11.1 was shown ta decrease 

bicarbonate excretion via a domain outside of that required for amino-

terminal binding (46). In addition PLP 107-139 (116) and PTH 53-84 

(117,118) have been shawn ta play a raIe in the regulation of bone ce11 

biology. Taken together with my own data demonstrating the inhibitory 

effect of PLP 1-141 on mitogenesis in keratinocytes, these findings 

suggest that both PLP and PTH could contain biologically relevant 

sequences outside of those required for activation of the receptor for 

their amino-terminal sequences. 

The molecular structure of the classical PTH receptor, which has 

been cloned from bath OK and ROS 17/2.8 cells, will be disclosed within a 

short time (119-121). The answers to questions regarding receptor sub-

classes, alternative transduction mechanisms and alternative receptors can 

then, hopefully, be more easily pursued. 
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